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Poly (ε-caprolactone) (PCL) has been used as a bioresorbable polymer in numerous 
medical devices as well as for tissue engineering applications. Its main advantage is its 
biocompatibility and slow degradation rate.  PCL surface, however, is hydrophobic 
and cell-biomaterial interaction is not the best. We attempt for the first time to modify 
an ultra thin PCL surface with collagen.  
 
The PCL film was prepared using solvent casting and biaxial stretching technique 
developed in our laboratory. This biaxial stretching produced an ultra thin PCL 3 to 7 
µm thick, ideal for membrane tissue engineering applications. The PCL film was 
pretreated using Argon plasma, and then UV polymerized with acrylic acid (AAc). 
Collagen immobilization was then carried out. The modified film surface was 
characterized by Fourier Transform Infrared (FT-IR) and X-ray Photoelectron 
Spectroscopy (XPS). Water contact angles were also measured to evaluate the 
hydrophilicity of the modified surface. Results showed that the hydrophilicity of the 
surface has improved significantly after surface modification. The water contact angle 
dropped from 66° to 32°. Atomic Force Microscopy (AFM) showed an increase in 
roughness of the film. A change from 46nm to 60nm in the surface morphology was 
also observed. The biocompatibility of modified PCL films was tested by human 
dermal fibroblasts and myoblasts cell culture. The cell attachment and proliferation 
were improved remarkably on the modified surface.   
 
 vii
This study indicated that collagen immobilized PCL films support cell attachment and 
proliferation rate. The present technique has posed the way for future membrane tissue 
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Chapter 1 INTRODUCTION 
 
Chapter 1 INTRODUCTION 
 
Poly (ε-caprolactone) (PCL) has been used as a bioresorbable polymer in numerous 
medical devices as well as for tissue engineering applications. Its main advantage is its 
biocompatibility and slow degradation rate.  PCL surface, however, is hydrophobic 
and cell-biomaterial interaction is not the best. We attempt for the first time to modify 
an ultra thin PCL surface with natural polymers, which are widely used as matrix 
materials to mimic, as closely as possible, the natural environment of the extracellular 
matrix (ECM) that forms the framework of all tissues in the body.  
 
Collagen is the major constituent of all ECM in the human body, and has become a 
natural choice in tissue engineering applications. Bell et al. (1983) used collagen 
lattices to develop bilayered skin equivalents. This skin equivalent has been used 
clinically in the treatment of venous ulcers, acute wounds and split thickness donor 
sites. It was reported to have similar behaviour to human skin (Wilkins et al., 1994; 
Trent and Kirsner, 1998; Parenteau, 1999). Collagen has also been used in cartilage 
(Roche et al., 2001), bone (Du et al., 1999), muscle (van Wachem et al., 1996) and 
liver (Ranucci et al., 2000) regeneration. However, poor mechanical properties, like 
most of natural polymers, limit collage’ use in the regeneration of load bearing tissues. 
 
Surface modification of PCL film by collagen immobilization would take advantages 
of collagen to improve the biocompatibility of the surface of PCL and utilize excellent 
mechanical properties of PCL film. Because there is no functional group which can 
generate coupling reaction with collagen, a monomer with such groups have to be 
induced onto the surface of PCL firstly. Graft polymerization is an attractive way in 
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which a desired monomer can be grafted onto the surface with covalent bond, which 
renders good stability (Kang et al., 1997). Acrylic acid (AAc), shown as Figure 1.1, 
was used in the grafting process. The carbon-carbon double bond in the structure of 
AAc binds easily with polymers, meanwhile the carboxyl group can bond with the 
amino group of collagen. AAc acts as a spacer to bind Collagen and the substrate. In 
addition, the base material can retain their own chemical and physical properties after 
AAc graft polymerization due to its simple chemical structure. Thus AAc is a popular 










Figure 1.1 The chemical structure of AAc  
 
 
Cell culture work was carried out on the collagen immobilized PCL films to test the 
biocompatibility. Figure 1.2 represents schematic diagram in this study. Modified PCL 
films were seeded with human dermal fibroblasts and human myoblasts separately. In 
this chapter, application of biomaterials and necessity for surface modification will be 






















Figure 1.2 Schematic diagram in this study 
 
1.1 Biomaterials 
Organ transplants for the replacement of damaged organs or biological functions have 
increased dramatically from 1980’s due to the development of modern surgical 
procedures. Yet problems associated with donor organ scarcity, complex surgery, 
enormous expenses and postoperative care have limited the used of this therapy. A 
relatively new and interdisciplinary field, tissue engineering, has developed in recent 
decades. Tissue engineering is a science which combines material science, biology and 
surgery. In this field man-made or natural materials are used to replace or augment 
damaged organs or tissues. There are a wide variety of biomaterials used in tissue 
engineering. A biomaterial, as be defined as any systemically, pharmacologically inert 
substance or combination of substances utilized for implantation within or 
incorporation with a living system to supplement or replace functions of living tissues 
or organs (Bhat, 2002).    
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Polymers have been widely used as biomaterials because of their excellent physical 
and chemical properties compared with other traditional materials. These properties 
include low cost, high strength-to-weight ratio, easiness in shaping and resistance to 
corrosion and so on. The earliest application of polymers for surgery is believed to be 
suture materials, which were used to close wounds. However a major suturing made of 
natural biopolymer is silk by now. Due to the development of synthetic polymers in 
the last century, synthetic biomaterials, such as nylon, polyesters and polyolefins, have 
been employed more and more in health care.  
 
1.2 Biomaterials in biomedical applications 
A variety of polymers have been employed as polymeric biomaterials, which are used 
in direct contact with living cells of our body. Such polymers are typically applied for 
disposable products (e.g. syringe, blood bag and catheter), materials supporting 
surgical operation (e.g. suture, adhesive and sealant), prostheses for tissue 
replacements (e.g. intraocular lens, dental implant, and breast implant), and artifical 
organs for temporary or permanent assist (e.g. artificial kidney, artificial heart and 
vascular graft) (Pizzoferrato et al., 1987). The structures of polymers determine their 
utilization in various medical domains. Their selection for subsequent employment in 
surgery, dermatology, ophthalmology, and pharmacy is mainly determined by their 
chemical and physical properties. Table 1.1 shows some examples of polymer for 
biomedical applications (Bhat, 2002).  
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Table 1.1 Polymers for biomedical uses 
Polymer Biomedical uses 
Polyethylene Tubes for various catheters, hip joint, 
knee joint prostheses (Teoh, 2000) 
 
Polypropylene Yarn for surgery, sutures 
 
Polyacetals Hard tissue replacement 
 
Polymethyl methacrylate Bone cement, intraocular lenses, contact 
lenses, fixation of articlar prostheses, 
dentures (Shinzato et al. 2004) (Cho et al. 
2003) (Stipho, 1998) 
 
Polycarbonate Syringes, arterial tubules, hard tissue 
replacement (James et al. 1999) (Phaneuf 
et al. 1997)  
 
Polyethylene terephthalate Vascular, esophageal prostheses, surgical 
sutures, knitted vascular prostheses 
(Freud et al. 1999) (Bhat et al. 1998)  
 
Polyamide PA 6 tubes for intracardiac catheters, 
urethral sound; surgical suture, films for 
packages, PA66 heart mirtal valves, 
hypodermic syringes, sutures (Kuroki et 
al. 1995) (Boelens et al. 2000)  
 
Polyurethane Dental materials, blood pumps, artificial 
heart and skin (Cho et al. 1999) (Khil et 
al. 2003) (Stachelek et al. 2004) 
 
Silicone rubber Encapsulant for pacemakers, shunt, 
catherter, contact lenses, membranes, 
maxillofacial implants (Waters et al. 
1999) (Bacon et al. 1994) 
 
 
1.2.1 Biomaterials for hard tissue applications 
The applications of biomaterials for hard tissues are now well established. Various 
engineering materials are used routinely in onthopaedic surgery as replacement for 
bone and joint. Approximately 2 million patients/year benefit from total replacement 
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of arthritic hip joints. Also biomaterials have been used for dentistry since the last 
century. The first rigid polymer employed in odontology was polymethyl methacrylate 
(PMMA). Subsequently, many other polymers appeared for different purposes such as 
dentures, crowns, bridges, fillings, mouth protectors, sutures, and implants. Gerlach 
(1993) implanted rods, which were made of poly(L-lactide) (L-PLA) with Mvis 500 
000 and 800 000, into the back muscles of 80 rats. The results of this study showed 
that L-PLA had good biocompatibility with only slight tissue response and strength 
loss in vivo. Thus it can be seen that L-PLA seems to be an alternative to traditional 
metallic osteosynthesis devices in maxillofacial traumatology because of its good 
biocompatibility and high initial strength and also the long strength-retention time 
during fracture healing. Pitaru and Noff (1993) developed a novel implant for 
orthopaedic surgery and dentistry. The new type of implant consisting of a core and a 
composite material was termed a ‘biological substrate’. The core provides the physical 
and mechanical properties of the implant, whilst the biological substrate provides for 
anchorage of the implant to the surrounding bone. In this study, a plastic polymer was 
use as a core, while the biological substrate was prepared from rat type I collagen and 
polymethylmethacrylate (PMMA). The results showed that the implant with artificial 
Sharpey’s-like collagen fibers induced the formation of ligament-like tissue at the 
implant-bone interface. It is suggested further that the artificial Sharpey’s fibers of the 
implant were integrated within and spliced with the collagen fibers of this tissue. 
Tormala (1993) developed biodegradable, self-reinforced polymeric composites, such 
as polyglycolic acid (SR-PGA) and poly-L-lactid acid (SR-PLLA), as the temporary 
fixation materials. Not only did the novel materials have better initial strength and 
modulus values than the corresponding values of injection-moulded materials, but also 
there is no need of a second surgery on the patient because of their biodegradability.  
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1.2.2 Biomaterials for soft tissue, blood and cardiovascular applications  
Polymeric materials are widely used for soft tissue applications. Not only can they be 
tailor made to match the properties of soft tissues, but also polymers can be made into 
various physical forms such as liquid, foam, film, rod, fabric and suture materials. 
Polymers are generally used as bulk space fillers such as breast implants (Silver, 1994) 
and articular cartilage, maxillofacial implants (Silver and Glasgold, 1993), fluid 
transfer implants, functional load-carrying and supporting implants such as sutures 
(Schmalzried et al. 1994), wound dressing, temporary synthetic dressing, and tissue 
adhesives (Gunasekaran, 1995), percutaneous devices, biomaterials in urological 
practice, or microencapsulation of live animal cells.   
 
Diseases of the cardiovascular system contribute to about 20% of the fatality in old 
people. Diseased blood vessels and heart valves are routinely replaced with natural 
tissues or synthetic materials. Polymers are widely used in this field because of lack of 
donor organs. Hoffman (et al. 1993) tested a new polyurethane copolymer by implant 
them into animal bodies for vascular use. The copolymer had an elastomeric silicone 
applied to the polymer surface. A hydrophilic film of protamine and gelatin was 
covalently bonded to the silicone. Their results showed that covalently bound 
silicone/polyurethane composites produce high tensile strength, excellent flex fatigue, 
low profile and great tear resistance. All there needed to manufacture vascular grafts 
and artificial heart diaphragms. 
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1.2.3 Biomaterials for drug delivery applications 
Olivi (et al., 1993) used a new class of control-release polymers derived from 
hyaluronic acid in two vivo models: the rabbit cornea and the rat brain. Good 
biocompatibility in the rat brain was observed. In addition, the results also showed no 
evidence of adverse neurological reaction or systemic toxicity. This study suggested 
that polymers derived from hyaluronic acid were potential to be vehicles for carrying 
therapeutic agents into the brain. Goldrainch and Kost (1993) developed glucose –
sensitive polymeric matrices for controlled drug delivery. In this study, hydrogels with 
immobilized glucose oxidase display faster and higher swelling and release rates of 
insulin at higher glucose concentration. Thus it demonstrated that the swelling and 
release of insulin from ionizabel polymeric matrices containing glucose oxidase are 
sensitive to glucose concentration in the physiologic range. These matrices showed 
promise as systems for self-regulated insulin delivery systems. Ammoury (et al., 1993) 
prepared indomethacin-loaded nanocapsules by deposition of PLA at the oil/water 
interface following acetone displacement from the oily nanodroplets. The 
nanoencapsulation of indomethacin induced a marked protective effect on the gastro-
intestinal tissues. It was shown that the induced protective effect displayed by the PLA 
nanocapsules was rather associated with low tissue concentration than with high 
plasma concentration. The incorporation of indomethacin in the PLA nanocapsules did 
not alter the pharmacological activity of the drug. Furthermore, the anti-inflammatory 
activity of indomethacin was enhanced following incorporation in the PLA 
nanocapsules. 
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1.3 General requirements for biomaterials 
Nevertheless, applications of biomaterials are limited by biocompatibility, the problem 
of adverse interactions arising at the junction between the biomaterial and the host 
tissue (Ratner, 1992). The term “biocompatibility” is widely used to describe desirable 
interactions between a synthetic polymeric material and a living organism. 
Biocompatibility has been defined as “the ability of a material to perform with an 
appropriate host response in a specific application” (Williams, 1987). The biological 
reaction to synthetic materials implanted in living organisms starts with the material 
becoming coated with a layer of adsorbed protein from the more than 200 proteins 
typically found in body fluids. Substantial amounts of adsorbed protein have been seen 
on solid surfaces in adsorption time as short as 1 second. Cells then interrogate the 
protein layer coating of the material. In response to the protein layer, the cells can 
produce soluble biochemical signaling agents that instruct other cellular systems in the 
organism about how to react to the implant (Ratner et al., 1996). Optimizing the 
interactions that occur at the surface of implanted biomaterials represents the most 
significant key to further advances, and an excellent basis for these advances can be 
found in the growing understanding of complex biological materials and in the 
development of novel biomaterials custom-designed at the molecular level for specific 
medical applications.  
 
Research on developing new biomaterials needs an interdisciplinary effort. It often 
involves collaboration among scientists from materials science, biomedical science, 
pathology and clinic (Tang et al., 1995). The design or selection of a specific 
biomaterial depends on the relative importance of the various properties that are 
required for the intended medical application. These medical devices can be designed 
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and fabricated to have suitable mechanical properties, durability and functionality that 
are governed by the bulk structure of the materials. Biological responses to 
biomaterials, on the other hand, are governed by the surface chemistry and property 
(LaPorte, 2000).  
 
Physical properties that are generally considered include hardness, tensile strength, 
modulus, and elongation; fatigue strength. They are determined by a material's 
response to cyclic loads or strains; impact properties; resistance to abrasion and wear; 
long-term dimensional stability, which is described by a material's viscoelastic 
properties; swelling in aqueous media; and permeability to gases, water and small 
biomolecules. In addition, biomaterials are exposed to human tissues and fluids, so that 
predicting the results of possible interactions between host and material is an important 
and unique consideration in using synthetic materials in medicine (Boss, 2000). 
 
 
1.4 Necessity for surface modification 
It is the surface of biomaterials which is first comes into contact with the living body 
when the biomaterial is placed in the body or fresh blood. Therefore the biological 
response from living tissues to these extrinsic biomaterials depends on the surface 
properties such as chemical composition, cleanliness, texture, surface energy, 
corrosion resistance and the tendency to denaturalize neighboring proteins. And the 
physicochemical surface properties of the materials, such as chemical composition, 
wettability, surface energy, semiconducting properties and surface charge play a 
critical role. In another word, the biocompatibility of a material is determined by the 
interactions between the surface of implant and biological system. If the biological 
response is very strong, the biomaterial will be markedly disturbed to perform its 
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function. For example, because of the dead space present, infection probably happens 
unless good adhesion between a percutaneous device and the skin tissue. Contact 
lenses will damage the cornea if the lens surface is not wettable with tears. A 
haemodialyser will not work well if a clot is formed on its surface.  
 
Commonly polymeric materials do not always posses the surface properties necessary 
for biomaterials, though they have excellent bulk properties. Man-made implants are 
physiologically not so active as the living system due to the strong foreign body 
reactions caused by a poorly biocompatible surface. Therefore most of polymeric 
materials need surface modification. Surface modification of biomaterials has been 
attracted in recent decades in biomedical engineering. It is for at least two purposes: 
one is to render the material surface biocompatibility and the other to give it 
physiological activity. The significance of surface modification is briefly discussed as 
follows: 
1. The surface of a biomaterial is in direct contact with living tissues in the human 
body and the initial response of the living tissue to the biomaterial depends on 
its surface properties. A good biomaterial must not exhibit a strong foreign 
body reaction/inflammation response. However, it is rare that a biomaterial 
with good bulk properties also possesses the surface characteristics suitable for 
clinical applications, and very few surfaces are truly biocompatible. Lower 
tissue and blood compatibility can cause not only cellular damage and blood 
coagulation, but also implant failure. In theses cases, a hard, wear resistant, and 
corrosion resistant modified layer, which is also biocompatible, would mitigate 
the above problems. 
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2. The properties of a material rarely match perfectly every requirement for a 
given application, and biomaterials are no exception. For instance, although an 
orthopedic material may have ideal mechanical properties, it may cause 
deleterious biological response, or a biosensor with good electrical 
characteristics may corrode readily in the presence of body fluids. Therefore, it 
often becomes necessary to strike a balance so that a material has acceptable 
properties in each pertinent area. For example, in a product such as a 
hemodialysis catheter which demands both good flexibility and low surface 
friction, the best candidate may be a more slippery, less flexible material rather 
than a mechanical strong material with unacceptably high friction. Thus, the 
ability to modify the surface properties while preserving the bulk attributes is 
important. 
3. Although bulk properties dictate the mechanical properties of biomaterials, 
tissue-biomaterials interactions are surface phenomena and are governed by 
surface properties. These interactions have been hypothesized to occur within a 
narrow zone of less than 1 nm. The initial interaction between the host and 
implant involves the conditioning of implants by serum and other tissue fluids, 
thereby resulting in compositional changes at the biomaterial surface. Thus, the 
tissue/cellular behavior at the biomaterials-tissue interface must be improved.  
4. Longevity is a must for medical implants. In bone replacements, especially 
long bone and joint replacements, metal implants are widely used. Although 
the metallic orthopedic implants have excellent bulk properties such as strength 
and elasticity, it has relatively poor surface properties, for instantce, wear 
resistance and limited biocompatibility. It is, therefore, necessary to make a 
compromise between the bulk and surface properties.  
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5. Surface modification of biomaterials has intensified during the last decade as a 
result of an aging population. The needs for alternative medical solutions have 
not only demanded better biomedical devices but also more diverse 
functionality and bioactivity.  
 
Polymeric scaffolds, however, have attracted much attention. Such scaffolds may be 
used for cellular proliferation and tissue guide in tissue engineering. Tissue 
engineering is the technology to create biological tissues for replacements of defective 
or lost tissues using cells and cell growth factors. Typically applications of polymers 
for scaffolds are skin reconstruction, blood vessel reconstruction and nurve reunion. 
The critical objective of tissue engineering is to provide biological tissues and organs 
with more excellent biocompatibility than the conventional artificial organs. 
Sequentially, the problem of shortage of donations would be solved. It is known that 
the surface properties of a biomaterial dominate the interactions between the material 
and biological environment. A number of researches examined the relationship 
between chemical or physical properties of polymer surfaces and behavior or function 
of attached cells. Similar results were obtained. Cell adhesion appears to be better on 
surface with intermediate wettability improved (Ishaug-Riley et al., 1999). Fibroblast 
spreading has been correlated with surface free energy, but the rate of fibroblast 
growth on polymer surfaces appears to be relatively independent of surface chemistry. 
Cell viability may also be related to interactions with the surface (Ng et al., 2001). In 
additional, an implanted material can have a significant effect on the behavior of cells 
in the region of the implant. The behavior of cultured cells on surfaces with edges, 
grooves, or other textures is different from that on smooth surfaces. 
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Biocompatibility can be divided into two constituents. One is concerned with the bulk 
property of the biomaterial, the other with its surface property. The bulk 
biocompatibility is very influential when the biomaterial is implanted either under 
direct bonding with a living tissue such as blood vessels and bones or under high 
loading, such as for bone fixation. On the other hand, interfacial biocompatibility is 
closely related to the events occurring at the interface between the biomaterial and the 
living cell or tissue. The purpose of surface modification is to improve this kind of 
biocompatibility for the biomaterial.   
 
1.5 Thin films in tissue engineering  
Two-dimensional matrices of polymeric materials, in the form of thin films, have 
special applications in tissue engineering. Robert (et al., 1996) produced poly (α-
hydroxy ester) thin films with controlled thickness as thin as 12±3 µm. There films 
were used as substrates for human retinal pigment epithelium (RPE) cells and might 
provide a means of transplanting allogeneic RPE cells as a therapy for a number of 
ocular diseases related to RPE dysfunction.  
 
Compared with other aliphatic biodegradable polyesters, PCL has an unusual property 
that behaves high drawability and processing ease. Thin films of PCL for tissue 
engineering applications have been developed widely. Ng (et al., 2000) produced PCL 
ultra thin films with thickness 3-7 µm using solvent casting and biaxial stretching 
techniques. Tensile stress of the PCL films increase from 21 to 55 MPa after biaxial 
stretching while the elongation-at-break decreased from 676% to 147%. The Young’s 
Modulus remained at about 275 MPa.   
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Human dermal fibroblasts were seeded on these films (Ng et al., 2001). These PCL 
films were proved to be suitable substrates in tissue engineered skin. Ouyang (et al., 
2002) also investigated the adhesion, proliferation and morphology of rabbit anterior 
cruciate ligament (ACL) cells and bone marrow stromal cells (bMSCs) on several 
synthetic biodegradable polymeric films including PCL, poly (DL-lactide) (D-PLA), 
poly(L-lactide) (L-PLA), PLA/PCL (50:50), PLA/PCL (75:25), high molecular weight 
(HMW) poly(DL-lactide-co-glycolide (PLGA50:50) and HMW PLGA75:25. A film, 
which fabricated with blend of PCL and PLA in the weight ratio of 1:1 and reinforced 
it with woven PGA to make a conduit, was used as the matrix for the culture of 
vascular endothelial cells (Shin'oka et al., 2001). After 10 days in vitro culture, the 
conduit transplanted into a patient suffering from an occluded right intermediate 
pulmonary. No post-operative complications occurred and no evidence of graft 
occlusion or aneurysmal changes on chest radiography was observed 7 months after 
implantation. Schantz et al. (2002) investigated the osteogenic potential of human 
calvarial periosteal cells in ultrathin PCL membranes with a slow degradation rate. In 
vitro results showed that PCL membranes support the attachment, growth, and 
osteogenic differentiation of human primary osteoblast-like cells. Furthermore, sodium 




Though biaxial stretching PCL films own many advantages in tissue engineering 
application, the PCL film is not an ideal biomaterial due to dissatisfactory properties of 
the synthetic polymeric material surface. Like most biomaterials, surface modification 
of the PCL film becomes inevitable. The objective of our study is to improve the 
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surface biocompatibility of the PCL film by surface modification. In this study, 
collagen was introduced on the PCL surface. Thereby the PCL film got a “collagen 
surface”, which possesses desired biocompatibility of a nature material. Hence the 
modified PCL film has excellent surface character of the nature biomaterial and bulk 
properties of the synthetic polymeric material.  
 
1.7 Scope 
This thesis is attempt to modify the surface of poly(ε-caprolactone) (PCL) ultra thin 
film via grafting polymerization and collagen immobilization. Biocompatibility of 
PCL films is significantly improved by surface modification.  
 
Chapter 2 gives an overview of related literature. It starts with the definition of 
biomaterials and general requirements of biomaterials. It then goes to the methods of 
surface modification of polymers. Polymer coupling reaction, graft polymerization, 
directly chemical modification and physical adsorption are presented in details. 
Meanwhile plasma polymerization and UV irradiation are introduced in the section of 
graft polymerization. In addition, widely used methods of surface characterization for 
biomaterials are thus put forward. PCL, which has good chemical and physical 
properties, is then introduced as a biomaterial. It focus on a serial of modification 
techniques and biomedical applications of PCL. Finally, polymeric thin films for 
special applications in tissue engineering are presented. An ultra thin film of PCL is 
specially recommended.  
 
In chapter 3, materials and methods in surface modification of PCL films are presented. 
Ultra thin PCL films with thickness of 3-7 µm are prepared via solvent casting and 
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biaxial stretching technique. Argon plasma pretreatment is used to produce active 
radical on the film surface. Acrylic acid (AAc) graft polymerization under UV energy 
and collagen immobilization are then carried out. Fourier-transform infrared 
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), water contact angle 
measurements and atomic force microscopy (AFM) are adopted for surface 
characterization. In order to text the biocompatibility of collagen modified PCL films, 
human dermal fibroblasts and human myoblasts are seeded respectively on films. 
Seeded Cells are observed via phase contract light microscopy (PCLM) and Confocal 
laser scanning microcopy (CLSM). 
 
Chapter 4 shows the results of surface modification of PCL films and cell culture. New 
peaks according certain functional groups and element are appeared in FTIR and XPS 
spectra of collagen immobilization PCL films respectively. The graft concentration of 
AAc and immobilization concentration increase with increasing of the concentration of 
AAc monomer solution. In addition, water contact angles of modified films by AAc 
and collagen decrease as the concentration of AAc monomer solution increases. Water 
contact angles, however, raises a little with collagen immobilization. Surface 
morphology of PCL films changes, meanwhile the roughness increases due to surface 
modification. Modified PCL films with collagen shows better results in human dermal 
fibroblasts and human myoblasts culture than unmodified ones. Both of cell 
attachment and cell proliferation rate are improved with collagen immobilization.  
 
Chapter 5 gives discussion for the results showed in Chapter 4. Appearance of the new 
peak in FTIR spectra demonstrates existing of C-N-H stretching bond. Sequentially the 
FTIR spectrum suggests that collagen has been immobilized onto the surface of PCL 
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films. The new peak according N element in the wide scan spectrum and two new 
peaks responding C-N and O=C-N functional groups in C 1s core-level spectrum of 
XPS all shows the success of collagen immobilization. Furthermore, higher 
concentration of AAc monomer solution can accelerate the concentration of graft 
polymerization. The concentration of collagen on the PCL film, therefore, is 
sequentially increased. The hydrophicility of film surfaces improves with the 
introduction of hydrophilic functional groups, COOHs. Due to blocking of the COOH 
by collagen, water contact angles raise after collagen immobilization. The plasma 
treatment and graft process make surface morphology undergo significant changes. In 
addition, better hydrophicility, introduction of collagen and higher roughness enhance 
cell attachment and cell proliferation rate.  
 
Chapter 6 is the conclusion of the thesis. It summarizes the success of AAc graft 
polymerization and collagen immobilization onto the surface of PCL films. A serial of 
processes have changed properties of the surface. Therefore, modified PCL films with 
better surface biocompatibility are achieved via surface modification. 
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2.1 Poly (ε-caprolactone)  
2.1.1 Introduction 
Poly (ε-caprolactone) (PCL) is a semi-crystalline aliphatic polyester which belongs to 
the family of poly (ω-hydroxy esters) (Kimura, 1993). In general, PCL is prepared 
from cyclic ester monomer, lactone, by a ring-opening reaction with a catalyst like 
stannous octanoate in the presence of an initiator that contains an active hydrogen 
atom. The chemical structure is shown in Figure 2.1. The linear chains of methylene 
groups impart a hydrophobic nature to the polymer. PCL is a bioresorbable polymer 
with glass transition temperature of –62°C, and a melting temperature of 57°C 
(Engelberg and Kohn, 1991). Due to its low glass transition temperature, PCL is 
always in a semi-rigid state at room temperature. Furthermore, it has unusual thermal 
stability, with a decomposition temperature of 350°C, whereas other tested aliphatic 
polyesters have decomposition temperatures between 235°C and 255°C (Suggs and 
Mikos, 1996). Because of its unique physical properties, PCL is one of the most 
flexible and easy to process in comparison to the other commercially available 
bioresorbable polymers. It is therefore an ideal material for the fabrication of ultra-thin 
films, with superior mechanical properties, via stretching. PCL can be degraded by 


















Figure 2.1 Chemical structure of PCL 
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2.1.2 Modification methods for PCL 
Blending with other polymers is a common method to change properties of PCL 
(Avella et al., 2000) (Ke and Sun, 2000). The blends of PCL and high-amylose corn 
starch (PCL/HA-CS) own 15% lower tensile strength and a 50% higher modulus than 
PCL (Koenig and Huang, 1995). The influences of glass transition temperature and 
geometrical factors on the PCL crystallization rate in blends of PCL/poly (vinyl 
chloride) (PVC), PCL/poly (hydroxy ether of bisphenol A) and PCL/poly (bisphenol A 
carbonate) were discussed (Ma et al., 1999). Wu (2003) demonstrated that the blend of 
starch and maleic anhydride (MAH)-grafted-polycaprolactone (MAH-PCL/starch) had 
a lower melted temperature and higher water resistance than the blend of PCL and 
starch (PCL/starch). Biodegradation of blends of PCL with polyethylene (PE) was also 
studied (Gilmore et al., 1992). In the starch-PCL blends, the rate of enzymatic 
hydrolysis was strongly reduced (Vikman et al., 1999). Polyester blending of PCL and 
poly (D,L-lactide) (PLA) was found to be a convenient approach to regulate the 
degradation and drug release behaviors of the polyesters (Shen et al., 2000).      
 
Block copolymers have been paid much attention in bulk modification of PCL. Good 
physical or chemical properties and variable biodegradability had been achieved by 
synthesizing copolymers (Pilati et al., 1999) (Lang et al., 1999) (Kweon et al., 2000). 
Photodegradation of PCL-Poly (ethylene oxide) block copolymers (PCE) was 
increased with increasing poly (ethylene oxide) (PEO) content (Bei et al., 1999). The 
biodegradation behavior in vitro and in vivo of PCL-Poly (ethylene-glycol) (PEG) 
block copolymers was investigated (Bei et al., 1997). Results showed that the 
degradation rate of the PCL-b-PEG was higher than that of PCL. Furthermore, it 
increased with increasing PEG content of the copolymer in vitro. The degradation rate, 
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in addition, was accelerated by the presence of enzyme-lipase. The PCL-b-PEG 
copolymer appeared much faster degradation in vivo than that in vitro. The 
degradation rate of copolymers also increased while the content of PEG increased. 
Lovinger et al. (1993) compared the morphology and properties of PCL-poly (dimethyl 
siloxane) (PDMS)-PCL triblock copolymers with those of PCL homopolymers. They 
found that the triblock copolymers had the same crystal structure as PCL 
homopolymers. However, they have lower melt temperature than pure PCL. in ‘t Veld 
(et al., 1993) studied the degradation of polyesteramides containing PCL blocks in-
vitro. Copolymers were prepared by the ring-opening copolymerization in the bulk of 
ε-caprolactone and cyclic depsipeptides (molar ratios were varied from 0.98-0.02 to 
0.85-0.15). Cyclic ester-amides composed of a D,L-lactic acid residue and either the α-
amino acid residue glycine, alanine, valine or aspartic acid were used in the 
copolymerization reactions. The results suggested that introduction of a pendant 
carboxylic acid functional group as present in the incorporated aspartyl units in PCL 
appeared to be a good method of increasing the degradation rate of PCL.      
 
Crosslinking is another widely used method to change properties of PCL. Yoshii (et al., 
2000) compared crosslinking of PCL by gamma-irradiation in solid state at 30-55 °C, 
the molten state and supercooled state. They found that irradiation of PCL in the 
supercooled state led to the highest gel content and this polymer has high heat 
resistance. Irradiation crosslined PCL had a higher biochemical oxygen demand (BOD) 
biodegradation rate than uncrosslinked one (Darwis et al., 1999). The results also 
showed that chemical degradation of crosslink PCL (gel fraction, 80%) was faster than 
uncrosslinke one.  Furthermore, the enzymatic degradation rate of crosslinked PCL 
was smaller than that of uncrosslinked one due to the formation of the three 
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dimensional network.(Darwis et al., 1998). Degradation was greatly affected by 
temperature.   
 
Surface modification plays an important role in changing properties on the interface of 
PCL. To enhance the hepatocyte adhesion, the PCL surface was grafted with peptide 
using pulsed plasma deposition and polyethylene glycol coupling (Carlisle et al., 2000). 
Immobilization of the biomacromolecules onto the surface of PCL has been widely 
adopted to improve biocompatibility. Amino groups were covalently introduced onto 
PCL surface by the reaction between 1,6-hexanediamine and the ester groups of PCL 
(Zhu et al., 2002). Poly (methacrylic acid) (PMAA) photo-induced grafting and gelatin 
covalent immobilization also were carried out for surface modification of PCL (Zhu et 
al., 2002). Hydrophilicity of the surface of PCL membrane was significantly improved 
due the induced COOH groups and gelatin. The surface of PCL grafted with PMAA 
became rougher than the unmodified one. The introduction of hydrophilic PMAA and 
biocompatible gelatin had a positive effect on modifying the human endothelial cells 
cytocompatibility of PCL membrane when a suitable degree of PMAA grafting and 
gelatin immobilization was achieved.   
 
2.1.3 PCL in biomedical applications 
Biodegradation polymers have been more and more used in drug delivery systems. 
Block copolymer micelles have shown high potential as hydrophobic drug carriers. 
Soo et al. (2002) investigated loading efficiency and release of micelles fabricated with 
PCL-b-PEO copolymer in drug delivery. The results demonstrated that the type and 
concentration of the incorporated agent influence loading and release from PCL-b-
PEO micelles. In addition, the PCL-PEO block copolymer was used as the material of 
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a novel drug delivery system (Allen et al., 1998). Researchers found that the PCL-b-
PEO was a suitable polymer material for lipophilic drug FK506, known as tacrolimus 
(Allen et al., 2000). By using well-established animal model of peripheral nerve injury 
(crushed sciatic nerve), they showed that the rate of functional recovery of injured 
nerve is significantly enhanced in rats treated with micellar FK506. These findings 
support suggest the wider applicability of PCL-b-PEO micelles as delivery vehicles for 
other biologically active, poorly soluble therapeutic agents.    
 
In recent years, PCL has received more attention in tissue engineering application. 
Hendricks et al. (2001) investigated the elution characteristics of tobramycin from PCL 
in a rabbit model. PCL achieved significantly high tobramycin concentrations. It 
suggested that PCL might be a promising local antibiotic delivery vehicle for the 
treatment of osteomyelitis. Carlisle et al. (2000) mimicked the in vivo extracellular 
matrix by grafting adhesion peptides (RGD and YIGSR) to polycaprolactone (PCL) 
and poly-L-lactic acid (PLLA). Thus the function of tissue engineered hepatic assist 
devices was enhanced with increasing hepatocyte adhesion to polymeric constructs.  
 
A novel 3D porous scaffolds of PCL, via fused deposition modeling, has been 
developed (Hutmacher, 2000; Hutmacher et al., 2001) and currently being used in 
studies of bone and cartilage regeneration (Hutmacher et al., 2000a, Hutmacher et al., 
2000b). Promising results have been shown in terms of the scaffolds’ ability to support 
the attachment and proliferation of different cell types, and the formation of 
preliminary cartilage and bone-like tissue both in vitro and in vivo. Kweon et al. (2003) 
developed a novel degradable PCL networks as a scaffold for tissue engineering. The 
novel networks, which were prepared through photopolymerization of the PCL 
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macromer, showed faster degradation, and higher compressive modulus and 
compressive recovery ratios than those of PCL itself. In addition, the porosity of the 
PCL networks can be controlled by the amounts and size of porogen used. Results 
showed that the degradable networks supported attachment and proliferation of MG-63 
osteoblast cells. Schantz et al. (2002) utilized a construct made of human periosteal 
cells and a novel PCL scaffold architecture to induce ectopic bone formation. Three-
dimensional cell proliferation was observed after 2 weeks of culturing, and the 
deposition of calcified extracellular matrix was observed after 3 weeks of culturing. In 
vivo, endochondral bone formation with osteoid production vas was detected after 17 
weeks.  
 
In order to meet multi-requirements in biomedical applications, nano-structure fabrics 
of PCL have been attracted more and more attention. A biodegradable nanofiber 
scaffold has been developed for bone tissue engineering (Yoshimoto et al., 2003). 
Microporous, non-woven PCL scaffolds, which are made by electrostatic fiber 
spinning, were cultured with mesenchymal stem cells (MSCs) derived from the bone 
marrow of neonatal rats in their study. Due to the small fiber diameters and the overall 
porous structure, the scaffold has a high specific surface area that is beneficial for 
tissue engineering applications. The constructs were covered with cell multilayers at 4 
weeks. In addition, mineralization and type I collagen were observed. A 
nanocomposite of semi-interpenetrating network (semi-IPN), which was a combination 
of linear PCL (L-PCL) and pure PCL network (net-PCL), containing hydroxyapatite 
(HAP) was prepared for bone implant (Hao et al., 2003). Due to the property 
advantages of ingredients in the mixture, the composite combines good mechanical 
strength, modified degradation rate and excellent osteoconductivity. Rhee (2003) 
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studied the effect of molecular weight of PCL on the bioactivity of PCL/silica nano-
hybrid materials. The results demonstrated that the hybrid used lower molecular 
weight PCL had faster biodegradation rate than that using higher molecular weight one.  
Nano-stucture polymeric materials also plays an important role in drug delivery 
applications. Kim et al. (2003) fabricated amphiphilic diblock polymeric nanospheres, 
which were composed of methosy poly (ethylene glycol) (MePEG) and PCL, as a 
novel injectable drug carrier. The nanospheres exhibited an average diameter of less 
than 200 nm with narrow size distribution and a relatively high drug-loading efficiency 
of about 41.98%.       
 
2.2 Collagen 
Collagen is one of the most widely used biomaterials in tissue engineering. Collagen 
constitutes more than a quarter of the total protein in animals. It is a fibrous protein 
conferring many important characteristics on the connective tissues of the body, in 
particular mechanical properties such as tensile strength and biological properties such 
as activation of the blood-clotting cascade. In addition, collagen is a major component 
of the extracellular matrix (ECM), the function of the connective tissues depends on 
the number, nature, relative proportions and interaction of all of their constiturent 
macromolecules, including elastin, proteoglycans, glycosaminoglycans and cell-
binding glycoproteins, as well as collagen itself. 27 different types of collagen have 
been isolated so far. Table 2.1 shows the location and tissue source of some collagens. 
Although collagen is found almost everywhere in the mammalian body, those tissues 
particularly rich in fibrous collagen, such as skin and tendon, are generally used as 
staring materials for the preparation of reconstituted collagen for use in implants and 
dressing. 
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Several physical forms of collagen, such as sponges, films and injectables, all have real 
or potential uses in biomedical engineering. Porous collagen sponges are most readily 
prepared from an acid-swollen collagen suspension, which can be blended into the 
slurry and freeze-dried. The porosity of the sponge can be altered by varying the 
collagen concentration within the slurry. Composite sponges containing other materials 
such as glycosaminoglycans are usually prepared by adding a solution of the 
polysaccharide to the slurry and then by mixing further before freeze-drying (Yannas 
et al., 1980). Collagen films and composites films are generally prepared in a silimar 
way to sponges except that the slurries are allowed to dry in air (as opposed to being 
freeze-dried) to form a film. Alkali- as well as acid-swelling o the collagen can also be 
used (Gorham et al., 1990). Collagen as an injectable material is prepared from bovine 
corium by pepsin digestion to remove the terminal nonhelical peptides. The resulting 
material is further purified by precipitation, and supplied as a sterile suspension in 
buffered saline at concentrations of 35±5 mg/ml and 65±5 mg/ml (Wallace et al., 
1988). 
 
2.2.1 Modification of collagen by crosslinking 
Reconstituted forms of collagen such as films and sponges do not always have the 
required tensile strength and resistance. Thus it is often necessary to modify collagen 
by crosslinking. Although unmodified collagen implants have excellent dry tensile 
strength, their wet tensile strength is insufficient. Lack of wet strength can cause 
collagen sponges to collapse and vascular implants to become disrupted (Chvapil et al., 
1973), or render film soft and tearable on suturing (Scott et al., 1986) (Scott et al., 
1988). In addition, the need to control biodegradation is also important. The rate of 
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Table 2.1 Location and tissue source of different collagens 
Collagen Type Tissue Organ Location 
I Tendon, skin, bone, and 
fascia 
Thick extracellular fibrils 
and fibers 
 
II Cartilage Thin Fibrils around 
cartilage cells 
 
III Cardiovascular tissue Intermediate size 
extracelllar fibrils 
 
IV Basement membranes Network forming 
component 
 
VI Tendon, skin, and 
cardiovascular tissue 
Pericellular matrix around 
cells 
 
VII Skin Anchoring fibrils 
 
VIII Cardiovascular tissue Around endothelial cells 
 
IX Cartilage Extracellular matrix 
 
X Mineralizing cartilage Extracellular matrix 
 












Brain, Eye, Blood vessel Extracellular matrix 
XXI 
 









Testis, Ovary  
 
biodegradation required will depend on how the implant is used. For example, when a 
implant is used as a haemostat, the collagen has fulfilled its function once the blood 
clot has formed. However, when used in the augmentation of tissue defects or in burn 
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dressings, a much lower rate of absorption is required. Hence either prolonged 
absorption or premature loss of strength can cause complications. 
 
Many technologies have been used in collagen modification. The tensile strength and 
rate of biodegradation of collagen-base materials may be altered by the formation of 
ionic bonds, covalent bonds, hydrogen bonds, and composites of collagen with other 
materials. In the crosslinking of collagen, the functional groups most commonly 
involved are the carboxyl groups of aspartic and glutamic residues or the ε-amino 
groups of lysine and hydroxylysine residues (Chvapil et al., 1973). The formation of 
covalent bonds is the most widely used technique in collagen modification. Covalent 
bonds and crosslinks can be formed in collagen in several ways such as utilizing 
aldehydes, carbodiimides, acyl azides, isocyanates and borohydrides, or 
dehydrothemal crosslinking.  
 
Formaldehyde, a monoaldehyde, reacts reversibly with the ε-amino group of lysine to 
form an alkanolamine which further reacts with an amino group of an asparagines or 
glutamine side chain. However, formaldehyde crosslinking is no longer favoured for 
medical devices because of the brittleness of the product and its potential toxicity. 
Other aldehydes such as glyceraldehydes, glyoxal, acetaldehyde, acrolein, 
glutaraldehyde and dialdehyde starch can also react with collagen. Glutaraldehyde is 
one of the most commonly used fixatives and crosslinking agents in the preparation of 
collagen-based prostheses because of its better efficiency compared to other aldehydes 
(Gavilanes et al., 1984) (Cheung et al., 1985) (Salgaller et al., 1985).  
Carbodiimides can be used in the formation of amide linkages between carboxyl and 
primary amino side groups (Nimni et al., 1988) (Goodfriend et al., 1984) (Nimni et al., 
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1987). The first stage is the coupling of the carbodiimide to a carboxyl side chain to 
form an intermediate that is then subjected to nucleophilic attack by a primary amino 
group to form an amide crosslink. R and R’ on the carbodiimide molecule can be 
chosen so that after the reaction a water-soluble isourea is left which can be easily 
washed away.  
 
When collagen is heated under vacuum, crosslinking can occur. The proposed 
mechanism of this dehydrothermal crosslinking is amide formation via carboxyl and 
primary amino side groups. This method of crosslinking has been used in the 
manufacture of collagen-based dressings to confer additional stability on the implant 
and to assist in the binding of glycosaminoglycans.  
 
2.2.2 Biomedical applications of collagen 
The use of collagen in biomedical applications can be traced to the physician Galen in 
AD 175 who used absorbable catgut sutures (Katz and Turner, 1970). Many useful 
features, such as high tensile strength, controllable biodegradation, haemostatic 
properties , low antigenicity (Chvapil et al., 1973), low inflammatory and cytotoxic 
responses (Stenzel et al., 1974), and ability to promote cellular growth and attachment 
(Schor, 1980) (Doillon et al., 1987) (Doillon et al., 1988), make collagen become one 
of the most popular biomaterials. Collagen can be readily reconstituted into a number 
of forms such as sheets, tubes, sponges, powders and fleeces, all of which have found 
use in medical practice (Chvapil, 1977) (Chvapil, 1980) (Klopper, 1986). The fibrous 
protein has been used in haemostasis (Stein et al., 1985) (Voormolen et al., 1987), 
nerve regeneration (Colin and Donoff, 1984), tissue augmentation (Burke et al., 1983) 
(Delustro et al., 1987), burn and wound dressings (Burke et al., 1981) (Pruitt and 
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Levine, 1984), hernia repair (Holl-Allen, 1984), urinary tract surgery (Tachibana et al., 
1985) (Scott et al., 1988), drug delivery systems (O’Brien et al., 1988) (Minabe et al., 
1989), ocular surfaces (Geggel et al., 1985), ophthalmology (Phinney et al., 1988) 
(Wasserman, 1989), a vaginal contraceptive barrier (Chvapil et al., 1985), 
bioprosthetic heart valves (Ishihara et al., 1981), vascular grafts (Menasche et al., 1984) 
(Weinberg and Bell, 1986), periodontology (Minabe et al., 1989) (Pitaru et al., 1989), 
thoracic surgery (Chvapil et al., 1973), repair of the duramater in neurosurgery (Janetta 
and Whayne, 1965) (Klinem, 1965), abdominal wall surgery (Holl-Allen, 1984), and 
surgical sutures (Chvapil et al., 1973). A summary of the different physical forms of 
collagen and their clinical applications is given in Table 2.2.  
 
Table 2.2 Physical forms of collagen and their clinical application 




Vehicle for drug delivery, Plasma 





Vitreous body, Injectable, Drug delivery 




Haemostat (Foran et al. 1993) 
Film 
 
Corneal replacement, cornea shield, 
Dialysis membrane, Wound dressing, 
Patches (aneurysm, bladder), Abdominal 
wall, Hernia repair, Periodontal treatment 
Drug delivery, (Oh, 2002) (Mi et al. 
2001) (Minabe et al. 1991) 
 
Sponge Wound dressing, Burn dressing, Cartilage 
substitute, Drug delivery system, 
Haemostat (Choi et al. 1999) (Honda et 
al. 2003) (Ruszczak and Friess, 2003) 
 
Tube Vessel prostheses, Reconstruction of 
hollow organs (oesophagus, trachea) 
(Chamberlain et al. 1998) 
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2.3 Biocompatibility  
When an artificial implant is exposed in the environment of the human body, the 
biological responses happen at the interface between the implant and host tissues. 
Some definition of biocompatibility imply that medical devices, when implanted into 
the living body, neither exert untoward effects on the immediate and distant tissues, 
nor that they undergo compositional changes caused by chemical and physical 
activities of their environs, which may impede their functions. Williams has expressed 
reservations insofar as this definition of biocompatibility should, in his opinion, be 
amended by the concept of the appropriate reaction of the tissues to the presence of the 
foreign material (Williams, 1991). It is important to biomaterials scientists that 
interactions between biological and biomaterials are understood. The biological 
response happens when a material was induced in either tissues, blood, or other body 
fluids. Biological responses include changes in cell structure, state of metabolism, and 
degree of differentiation, as well as changes n tissue structure and function.  
 
2.3.1 Wound healing 
One of the most important biological responses is that of wound healing since most 
biomaterials and devices are used in clinical situations in which a wound must be made 
to install the materials or device. Although the injury such as loss of the superficial 
skin requires little or no surgery for installation of the implant, the tissue reaction that 
occurs around the implant also involves the process of wound healing due to existing 
or surgically created wound. Therefore, it is important to understand the events 
associated with wound healing.  
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Wound healing and tissue repair are a set of processes which are automatically 
triggered by tissue injury. These processes include an inflammatory phase, a 
proliferative phase, and a remodeling phase. The inflammatory phase involves blood-
vessel dilation and leakage of blood components into extravascular spaces as well as 
local accumulation of inflammatory cells including neutrophils, lymphocytes, and 
macrophages. The proliferative phase consists of formation of new blood vessels and 
the laying down of new connective tissue termed granulation tissue to fill the wound. 
Remolding consists of enzymatic removal of granulation tissue and deposition of 
aligned connective tissue in the form of a scar.  
 
Each of these three phases of wound healing are dependent on the previous phase and 
can be prolonged or shortened depending on how the wound is treated and the state of 
health of the individual. The presence of an infectious agent, for instance, when 
wounds are open to air, the inflammatory phase can be prolonged extensively. The 
presence of infectious bacteria in the wound results in prolongation of the 
inflammatory phase, varying in length from a period of several days to as long as 
several months. In comparison, wound closure using sutures shortens the inflammatory 
phase to several days. This assumes that the edges of the wound are close and can be 
brought together by applying tension. In other cases the healing process is incomplete 
or ends with the formation of scar and fibrotic tissue but experience the formation of 
abnormal scar tissue including hypertrophic scar tissue and keloids.   
  
Since many of the tissues and organs are diseased or injured, it is essential that the 
biomaterials scientist and engineer understand cellular changes that represent abnormal 
as well as normal response. In many cases the effects of a biomaterial or medical 
 32
Chapter 2 LITERATURE REVIEW 
device can only be determined after cells are brought in contact with it. Therefore, the 
biomaterials scientist must be able to evaluate the effects of biomaterials on cells, 
tissues, and organs. A serial of tests for evaluating the interaction of materials with 
cells in culture and in tissues have been developed. Evaluation of cell and tissue 
biocompatibility is the primary screening procedure for biomaterials before they can 
be used in end-use applications. 
 
2.3.2 Blood compatibility    
Blood compatibility is one of the most important biocompatibilities. Interaction of 
blood components with implants occurs in a wide variety of surgical procedures and is 
important to the function of surgical implants. For example, vascular implants should 
not initiate or deactivate the blood clotting cascade or interfere with platelet 
aggregation. In contrast, skin implants must prevent excessive bleeding in order to 
facilitate tissue repair. Therefore the hemostatic activity of an implant varies 
depending on the exact end-use. 
 
Two major problems to be overcome by a biomaterial are (1) unwanted adhesions that 
arise from healing of clotted blood, and (2) calcification and stiffening of the material 
used to repair the cardiovascular system. Biomaterials should not cause platelet 
adhesion and aggregation, blood coagulation, obstruction of blood flow by deposition 
of blood cells and molecules or depletion of electrolytes. 
 
A variety of in vitro methods have been proposed for evaluation of blood compatibility. 
In theses methods, whole blood is placed on a test surface for short times or until 
clotting occurs at room temperature. Measurement of clotting time, clot weight, 
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number of adherent platelets, thrombin time, prothrombin time, partial thromboplastine 
time, platelet factor release, and platelet counts are determined material is either 
activating or deactivating the clotting system and is evidence of blood compatibility.  
  
Other tests are used to evaluate the degree of platelet adhesion under controlled 
conditions. Platelet-rich plasma or suspended platelets are usually used rather than 
whole blood. The degree of platelet adhesion and the morphology of the attached 
platelets are also determined. However, the surface protein layer that is built up 
between the surface of a biomaterial and blood may modify the results obtained with 
this test. 
 
Analysis is also made of the deposition of plasma proteins onto the surface of the 
material such as albumin that may decrease platelet adhesion and activation while 
adsorption of fibrinogen may have the opposite effect. Protein adsorption can be 
measured by fluorescence spectroscopy, infrared spectroscopy, immunoassay, radio-
immunoassay, chromogen-labeling, radiolabeling, circular dichroism, ellipsometry, 
contact angle determination, and fourier-transform infrared spectroscopy. Protein 
adsorption can also be determined from experiments performed using flowing 
solutions of either whole blood, platelet-rich plasma, or blood proteins in a specially 
designed flow chamber.  
 
2.3.3 Cell compatibility 
Numerous of biomaterials in tissue engineering are implantable materials. These 
materials are usually incorporated live cells at implantation. Preliminary research 
reports reveal great interest and promise in reaction between cells and biomaterials. 
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How cells respond to a biomaterial is of profound importance to the success of the 
biomaterial. When materials evoke a biological response of cells, they have come to be 
termed cell biocompatible. The real issue of biocompatibility is not whether there are 
adverse reactions to a biomaterial, but whether that material performs satisfactorily in 
the cell behavior. Cell compatibility, which includes cell attachment, proliferation, cell 
morphology and protein synthesis, is a critical reference point for biomaterials. 
  
Generally, cell compatibility is tested by growth of initially natural matrix-free, 
disassociated cells on the biomaterial. Exposure to biomaterials may be through direct 
contact with bulk materials, diffusional contact through a gel intermediate layer, or by 
inclusion of extracts or elutants from materials in the culture medium. Cell types may 
vary in activity and properties. In general, the lower the generation number, often 
referred to as passage number, the more the cells will resemble those in vivo in both 
appearance and function. Cell compatibility is determined from various aspects of cell 
response, such as cell survival (toxicity, membrane integrity), cell reproduction 
(growth inhibition), metabolic activity (energetics, synthesis and catabolism), effective 
activity (inhibition of locomotion, chemotaxis and alteration of cellular shape and size) 
and cell damage (chromosomal aberration, mutagenicity, and carcinogenicity).  
  
2.4 Methods for surface modification  
In general, a lot of polymeric materials have excellent bulk physical and chemical 
properties. However, these materials very often do not possess the surface properties 
needed for the specific applications e.g. in biosensor and biomaterial. For these reasons, 
surface modification techniques that can transform these materials into valuable 
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finished products have become an important part of the materials science and 
technology. 
 
2.4.1 Polymer coupling reaction 
Polymer coupling reaction was applied when the polymer surface to be modified 
possesses reactive groups, which are able to combine other components, such as water-
soluble polymer molecules. Surface modification can be readily conducted by 
chemical coupling reaction, as shown in Figure 2.2 (a). Numerous synthetic reactions 
are available for this purpose. Yamaoka (et al., 1999) treated poly(L-lactate, glycolate, 
β-benzyl α-malate) (PLGB) and poly(L-lactate, glycolate, β-dodecyl α-malate) (PLGD) 
films treated with sodium hydroxide (NaOH) solution to produce carboxyl groups on 
the surface. RGD (Arg-Gly-Asp) was immobilized on the film surfaces by coupling 
reaction. Cai (et al., 2002) used Poly (D, L-lactic acid) (PDLLA) films, which were 
treated by NaOH solution and then reactived by 1-(3-dimethylaminopropyl)-3-
ehtylcarbodiimide solution, for chitosan immobilization on the surface. Kim (et al. 
2001) immobilized glycidyl methacrylate (GMA) onto polycaprolactone (PCL). Bae 
(et al., 1999) proposed surface modification of polyurethanes (PU) with polyethylene 
oxide (PEO). Acrylic acid and methyl acrylate were grafted onto oxygen plasma glow 
discharged PU film to induce carboxylic acid to the PU film surface. PEO was used in 
the coupling reaction with the carboxylic acid groups on the surface. Carlisle (et al., 
2000) studied immobilizing peptides to the aminated polymer surfaces by coupling 
procedure. The penta-peptide Arg-Gly-Asp (RGD) and the tri-peptide Tyr-Ile-Gly-Ser-
Arg (YIGSR) were linked to the double tresylated PEG, and then the Tres-PEG-
Peptide was reacted with the aminated polymer surfaces. The Polymer-PEG-Peptide 
was achieved by this method.   
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2.4.2 Graft polymerization 
The methods of graft polymerization, shown as Figure 2.2 (b), include chemical graft 
polymerization and grafting with the use of high-energy radiation or oxidizing agents. 
For oxidizing a substrate surface, ozone, acidic treatments, and high-energy radiations 
in air can be used. Ionizing and nonionizing radiations as well as plasma treatment are 
usually selected for the high-energy sources.  
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2.4.2.1 Plasma 
Plasma is a common high-energy radiation used in graft polymerization. A gas plasma 
is created by the introduction of the desired process gas into a vacuum chamber and 
subsequent excitation of the gas using radio frequency (RF) energy. The energy 
applied dissociates the gas into electrons, ions, free radicals, and metastable excited 
species. The free radicals and electrons created in the plasma collide with the materials 
surface rupturing covalent bonds. At this stage two possible events can occur: (1) 
surface contaminants and weakly bound polymer layers dissociate into volatile by-
products that are removed by the vacuum system, and (2) free radicals are created on 
the material surface which may then combine with the active species in the plasma to 
provide thermodynamically preferred products on the surface. Since plasma surface 
treatment causes changes to a limited depth (several molecular layers), bulk properties 
of even the most delicate materials remain unchanged.  
 
Major applications of low-temperature plasma include plasma polymerization, which 
deposits a crosslinked thin polymeric layer on the substrate surface, and plasma 
oxidation treatment, which causes intensive oxidation in the surface region of the 
substrate. Gupta (et al., 2002) used plasma-induced graft polymerization to immobilize 
acrylic acid onto the poly(ethylene terephthalate) (PET) films. PET films were treated 
with argon RF plasma at a frequency of 13.6 MHz and a gas pressure of 5µbar for 60s, 
and then the PEF films was kept in an oxygen environment for 1h to generate 
hydroperoxide as well as other functional groups on the sample surface. Graft 
polymerization of acrylic acid onto the PET surface was carried out under nitrogen. 
Yang (et al., 2002) deposited porous-graded Ti coatings on the sandblasted side of Ti 
substrates by plasma spraying. Zou (et al., 2002) grafted poly(ethylene glycol) methyl 
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ether methacrylate (PEGMA) onto poly(tetrafluoroethylene) (PTFE) films by three 
main steps: (1) H2 plasma pretreatment of the PTFE surface; (2) solution coating of 
PEGMA on the plasma-pretreated PTFE surface; (3) Ar plasma-induced graft 
polymerization of PEGMA on the PTEF surface. Haddow (et al., 1999) studied the 
plasma copolymerization of acrylic acid and 1,7-octadiene. Polymerization was carried 
out in a cylindrical reactor vessel. The plasma was sustained by a radio-frequency 
(13.65 MHz) signal generator and the base pressure in the reactor was 3×10-3 mbar. 
Yang (et al., 2001) treated poly(D,L-lactic acid) (PDLLA) films by plasma with 
anhydrous ammonia gas. The biocompatibility of PDLLA films to mouse 3T3 
fibroblast cells was improved.  
 
2.4.2.2 UV Irradiation 
UV irradiation is an excellent method for surface modification of polymers because of 
its simplicity and cleanliness. Additional advantages of this method for polymer 
surface modification are as followings: (1) photochemically produced triplet states of 
carbonyl compounds can abstract hydrogen atoms from almost all polymers so that 
graft polymerization may be initiated; (2) high concentrations of active species can be 
produced locally at the interface between the substrate polymer and the monomer 
solution containing a sensitizer when UV-irradiation is applied through the substrate 
polymer film; (3) in addition to the simplicity of the procedure, the cost of energy 
source is lower for UV radiation than for ionizing radiation.  
 
Yang (et al., 2002) grafted the acrylamide (AAm) and itaconic acid monomer onto the 
nonwoven PET using UV-induced graft polymerization. In this study, the graft 
polymerization was carried out by irradiating the substrate with 500 W UV light. A 
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hydrophilic surface was achieved after modification of nonwoven PET. Zhang (et al., 
2001) studied surface modification of stainless steel by grafting of poly(ethylene 
glycol) methacrylate (PEGMA). The plasma-pretreated silanized stainless-steel (SCA-
SS) surface, which was first modified by the silane coupling agent (SCA), was 
modified with PEGMA under UV illumination at a constant temperature of 28 °C. 
Chen (et al., 2000) proposed surface modification of emeraldine (EM) base films by 
UV-induced surface graft copolymerization with methoxy-poly(ethylene glycol) 
monomethacrylate (PEGMA) macromonomer. In their experiments, EM base films 
were immersed in the aqueous PEGMA solution exposed in UV irradiation for 0.5-2.3 
h at room temperature. The concentration of graft copolymerization increased as the 
UV irradiation time increased. Wu (et al., 2001) achieved the surface modification of 
plasma-pretreated low-density polyethylene (LDPE) film via UV-induced graft 
copolymerization with a fluorescent monomer, (pyrenyl) methyls methacrylate ((Py) 
MMA). The UV source was provided by a 1000W high-pressure Hg lamp in a Riko 
rotary photochemical reactor.  
 
2.4.3 Directly chemical modification 
In the research of Wachem (et al., 2002), PU films were positioned in an acrylic acid 
solution. Grafting was proceeding for 15-20 min at 30 °C. Kang (et al., 2001) prepared 
poly(3-hydroxybutylate-co-hydroxyvalerate) (PHA) films grafted with poly acrylic 
acid. According their technology, the surface of the PHA films were introduced first 
with peroxides by oxygen plasma pretreatment. Graft polymerization was carried out 
with10 wt.% aqueous acrylic acid. Choi (et al., 1999) synthesized a new biodegradable 
starch graft copolymer, starch-g-polycaprolactone copolymer, by using the ring-
opening graft polymerization of a ε-caprolactone (CL) monomer onto starch backbone. 
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The mixture of CL monomer and distilled water were poured into the reactor, where 
cornstarch was previously flushed with high-purity (99.999%) N2 gas for 2 h. 
Copolymerization reaction was carried out with Sn-Oct catalyst at temperature of 80 
°C. Various starch/CL/water feed ratios in the copolymerization were studied. In the 
study of Jo (et al., 2000), they synthesized silanated monomethoxy-PEG (m-PEG) for 
grafting polymerization of the surface modification of glass coverslips. Two different 
conditions of silanated PEGs and n-propyltrimethoxysilane (PTMS) for grafting were 
studied. First, ethanol solutions of the silanated PEGs and PTMS were made by 
dissolving them in a 95:5 ethanol and pH value was 2.0. In the second condition, PEG 
was grafted under anhydrous toluene.  
 
Matsumura (et al., 2000) exposed poly(ethylene-co-vinyl alcohol) (EVA) in ozone in 
order to convert the hydroxyl groups in the EVA into carboxyl groups. Ying (et al., 
2001) synthesized poly(acrylic acid)-g-poly(vinylidene fluoride) (PVDF) copolymers 
for pH-sensitive membranes. PVDF was pretreated with ozone, and then graft 
polymerization was carried out after mixed with acrylic acid monomer. Lindberg (et al., 
2000) grafted acrylamide onto poly(caprolactone) (PCL) film by electron beam pre-
irradiation in air or argon. The PCL films were first pretreated in air or argon 
atmosphere in the dose range of 2.5-10 Mrad with a dose rate of 0.8 Mrad min-1 and an 
electron energy of 6.5 MeV. Sodergard (1998) used electron beam preirradiation 
technique to graft acrylic acid onto poly(ε-caprolactone) (PCL) films. The effect of 
reaction time, monomer concentration, radiation dose, time between irradiation and 
grafting, radiation atmosphere, and polymer crystallinity on the extent of grafting were 
studied in this research. Maximum grafting extents exceeded 400%. Narkis (et al., 
1985) studied the effects of γ irradiation dose level to polycaprolactone (PCL). Small 
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irradiation does, 2-5 Mrad, showed a dramatic effect on the tensile elongation at break 
by converting ductile PCL samples into brittle materials.  
 
2.4.4 Physical adsorption 
Physical adsorption is a relative simple technology in surface modification of polymers 
compared with grafting. This method will offer good surface modification so far as the 
modification effect lasts for the required period of time. However, the biological 
environment always contains moisture which would cause delamination of the coated 
layer from the substrate. Chen (et al., 1993) reported physical adsorption and residual 
enzyme activity of horseradish peroxidase (HRP) on radio frequency glow discharge 
(RFGD)-treated polymers. HRP adsorbs more strongly onto the two discharge-treated 
surfaces than onto the untreated polymers. 70% of the HRP adsorbed on 
tetrachloroethylene and tetrafluoroethylene glow discharge-treated poly(ethylene 
terephthalate) (TCE/PET and TFE/PET) remains on the surface overnight elution with 
a 1% solution of sodium dodecyl sulfate (SDS). In contrast, untreated PET and 
polytetrafluoroethylene (PTFE) each retains only c. 20% of the absorbed enzyme. 
Yamaoka (et al., 1998) achieved chemically modified poly(L-lactic acid) (PLLA) by 
reacting directly with an alkaline solution of gelatin, because there were no usable 
functional groups on it. They concluded that the amount of immobilized gelatin 
depended on the reaction time and pH of gelatin solution, which was 10 times larger 
than that in the case of physical adsorption. Dauginet (et al., 2001) modified 
polycarbonate (PC) and poly(ethylene terephthalate) (PET) thick and thin film surfaces 
by chemical or physical adsorption of a polyelectrolyte (polyallylamine, PAH). Denis 
(et al., 2002) reported protein adsorption on model surface with controlled 
nanotopography and chemistry. The substrate was deposited in collagen aqueous 
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solution for 2 h at 37 °C. Different morphologies of collagen were observed on thick 
and thin substrates. In addition, a larger absorbed amount was observed on 
hydrophobic surfaces compared to hydrophilic ones. Wu (et al., 2000) coated oxygen 
plasma pretreated PET with a layer of chitosan hydrogel. The adsorption efficiency 
and kinetics of phosphoric acid (PA) to the coated film were studied. 
 
2.5 Surface characterization for biomaterials 
The surface modification reaction must be monitored to ensure that the desired surface 
is indeed forming. Surface characterization, therefore, is very important in the whole 
surface modification procedure as well as surface modification reaction. The rational 
for using surface analysis techniques in biomaterials science can be summarized as 
follows: 
1. The surface of a material (the outermost few atomic layers) is the only portion 
of the material that can interact with proteins and cells. There is no way that , 
for  a material free of leachable components, a living system can interrogate 
the bulk of the material.  
2. The surface of a material is inevitably different from the bulk of the material. 
Surfaces will try to minimize their interfacial energy, leading to different 
surface atomic structures and chemistries. Traditional materials 
characterization methods examine the bulk of materials but not the surface.  
3. Surfaces exhibit enhanced reactivities. This is a manifestation of the excess 
interfacial energy and the ready accessibility to external phases of surface 
atoms. Such enhanced reactivity is responsible for the catalytic properties of 
some surfaces.  
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4. Surfaces are difficult to study because they readily contaminate and often 
exhibit mobility, permitting the surface chemistry and structure to adjust in a 
‘chameleon-like’ fashion to changing external environments. 
 
Many sensitive techniques, such as X-ray photoelectron spectroscopy (XPS) 
(Magonov et al., 1996), or electron spectroscopy for chemical analysis (ESCA), 
secondary ion mass spectroscopy (SIMS), ultra-violet photoelectron spectroscopy, 
scanning electron microscopy (SEM) (Beamson, 1992), attenuated total reflection-
Fourier transform infrared spectroscopy (ATR-FTIR), scanning tunnelling microscopy 
(STM) (Ibach et al., 1982), atomic force microscopy (AFM) (Briggs, 1998) and 
contact angle measurements, had been developed for surface analysis. 
These characterization techniques are chosen to analyse different depths of the material 
surface. Figure 2.3 shows the depth differences in the most widely used surface 
analytical techniques (Wang, 2001). It has been estimated that water contact angles are 
only affected by functional groups with 5×10-10m of a surface (Bain et al., 1988). 
Spectrscopic methods are usually less surface selective. The sensitivity of XPS can be 
varied by adjustment of the incident angle of the X-ray photons. Depending on the X-
ray incident angle and type of atom interest, photoelectrons with escape depth from 
10×10-10m to 100 ×10-10m can be detected (Briggs et al., 1990). Much deeper 
interfaces are analyzed by ATR FTIR spectroscopy that probes interfaces of several 
micron thickness (Harrick, 1967). In the case of ATR FTIR spectroscopy, the analysis 
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Figure 2.3 The depth differences in the most widely used surface 




2.5.1 Water contact angle 
Contact angle measurement is a simple, rapid and sensitive method to measure the 
hydrophilicity of a solid surface. Although it is one of the earliest methods used to 
investigate surface structure, contact angle method still yields much useful information. 
Computer controlled contact angle analyzer makes easy to measure not only static 
contact angle but also dynamic contact angles and surface energies. Contact angle 
measurement gives variable information on the physical and structural properties of 
the outermost layer of the polymer surface, such as hydrophilicity-hydrophobicity 
balance, overturn and migration of functional groups, and microscopic roughness of 
the surface. In a typical experiment for static contact angle measurement, a drop of 
liquid is introduced on the surface of a sample by a microsyringe. The sessile-drop 
method can also be used to measure dynamic contact angles by adding liquid to or 
subtracting liquid from the liquid drop. The use of contact angle measurements has 
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emerged over the last decade as an invaluable tool in the characterization and study of 
biomaterial adsorption (Absolom et al., 1987) (Yeka-Fard et al., 1992) (Keszler et al., 
1992) (Takahara et al., 1991). 
 
2.5.2 XPS/ESCA    
In recently years, XPS or ESCA, which is accomplished by irradiating a sample 
surface with monoenergetic soft X-rays and analyzing the ejected photoelectrons, has 
been widely used in studying biomaterials. Both MgKα X-rays (1253.6 eV) and AlKα 
X-rays (1486.6 eV) are usually used. The energy of the photoelectrons leaving the 
sample is determined and this gives a spectrum with a series of photoelectron peaks. 
The binding energy of the peaks is characteristic of each element. The peak areas can 
be used to determine the composition of the materials surface. XPS has been widely 
used to analyse chemical states and composition of the material surface (Wang et al. 
2001) (Miyake et al. 2001) (Zhang et al. 2001).  
 
2.5.3 ATR-FTIR 
Infrared spectroscopy is an important technique in organic chemistry.  It is an easy 
way to identify the presence of certain functional groups in a molecule (Retzko et al., 
2001). Currently available FTIR spectrometers can provide reproducible IR spectra of 
proteins, in solution, on surfaces and under aqueous conditions. This technique is 
widely employed in analysis of functional groups (Retzko et al., 2001) (Ramos et al., 
2003) (Kaczmarek et al., 2003). FTIR also was used as a technique for the optical 
diagnosis of cellular variations (Huleihel et al., 2001). Furthermore, Infrared 
absorbance measurements can be used to calculate the actual amounts of adsorbed 
protein on surfaces. These calculations require molar absorptivity of the protein which 
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can be obtained from transmission experiments. Extensive discussions of this method 
(Sperline et al., 1987) and its application to the quantitation of Langmuir-Blodgett 
monolayers(Yang and Miller, 1993), albumin adsorption to polyurethane surfaces(Jeon 
et al., 1992)(Pitt and Cooper, 1988), and IgG adsorption to coated silicon 
substrates(Buijs and Norde, 1996) have been published.   
 
2.5.4 SPM/AFM/STM 
Over the past decade a whole new area of microscopy has emerged thanks to 
development of scanning probe microscopes (SPM)(Quate, 1986; Wickramasinghe, 
1989; Binning et al., 1986). These microscopes are very different from optical or 
electron microscopes in the sense that they operate with a an extremely small probe tip 
barely touching the surface, sensing different properties at close to atomic resolution in 
all three dimensions. By scanning this tip across the surface and storing the data point-
by-point in a large matrix, an image is built up and presented as a false colour intensity 
map, I(x,y), of the particular parameter sensed by the probe. This parameter can 
represent the height of the surface as recorded by the atomic force microscope (AFM) 
or the electron density ‘topography’ of a conducting surface as recorded by the 
scanning tunneling microscope (STM). The atomic force microscope can visualize the 
surface microtopography by several modes of operation: contact mode, non-contact 
mode and tapping mode. The AFM can provide the information about the surface 
microtopography and roughness. This emerging technique of atomic force microscopy 
also offering a view of individual protein molecules or small collections of such 
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2.5.5 SIMS 
Secondary ion mass spectrometry (SIMS) is the mass spectrometry of ionized particles, 
such as electrons, neutral species-atoms or molecules, atomic and cluster ions, which 
are emitted when a surface is bombarded by energetic primary particles. These 
particles may be electrons, ions, neutrals or photons. The vast majority of species 
emitted are neutral but it is the secondary ions which are detected and analysed by a 
mass spectrometer. This process provides a mass spectrum of a surface and enables a 
detailed chemical analysis of a surface or solid to be performed. Though SIMS will 
influence the surface, as well as most surface analysis techniques, because of removing 
atoms and molecules form the surface layer in the process, the static SIMS (SSIMS) 
only requires much less than 1% (frequently less than 0.01%) of the surface to be 
removed. During the past 10 years SSIMS has grown in importance in applied surface 
analysis, which is second only to XPS.  
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Chapter 3   MATERIALS AND METHODS 
 
3.1 Ultra-thin films preparation 
PCL pellets (Mn 80,000, Sigma-Aldrich Company) were dissolved in methylene 
chloride (6% (w/w)) and cast over glass sheets. The solvent was removed by slow 
evaporation. Films with initial thickness of 100-110 µm were obtained and were 
further dried in vacuum at 51 °C for 24 hours. Dried PCL films were pressed (Cavar 
Heat Press) with a platen temperature of 55 °C to remove surface defects. All pressed 
films were cut to 6×6 cm for biaxial drawing. Films were pre-heated for 30 min at 
53±1 °C before drawing. Heated PCL films were biaxially drawn 2.5 times its original 
size to a final dimension of 15×15cm. Ultra-thin PCL films (3-7 µm) were obtained. 
The tensile strength of films, which was measured with an Instron universal tensile 
tester (Model 4302 & 5542), is 55Mpa. Details of the biaxial stretching have been 
described previous (Ng et al., 2000). The films were then cut into rectangles of 1.8mm 
× 3.0 mm and carefully washed with ethanol, and dried, prior to surface modification. 
The whole surface modification process is shown at Figure 3.1.  
 
3.2 Argon plasma pretreatment of the PCL film surface 
In order to produce the desired active radicals on the material surface, plasma 
pretreatment was carried out. In this study, argon was used in the plasma pretreatment. 
This avoids the production of unwanted active radicals. Argon plasma pretreatment 
was carried out in a quartz cylindrical-type glow discharge cell (Model SP 100, 
manufactured by Anatech Ltd. of USA). The plasma power applied was kept at 37 W 
at a radio frequency of 40 kHz. The PCL film was placed between the two parallel 
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plate electrodes and subjected to the glow discharge for 10 s (Figure 3.1) at an Argon 
pressure of 0.5 Torr. The Argon plasma-pretreated PCL surfaces were then exposed to 
the atmosphere for about 10 min to effect the formation of surface peroxides and 
hydroperoxides, which were used for the subsequent UV-induced graft polymerization 
experiment (Suzuki et al., 1986). 
 
3.3 AAc graft polymerization of the PCL film surface  
For the UV-induced graft polymerization with AAc, the concentration of AAc aqueous 
solution was varied form 0.03 to 0.11 g/ml. Vitamin B2 (0.0152mol/l) was added into 
each solution, at ratio of 1:20, to reduce the dissolved oxygen, which could inhibit the 
subsequent radical-initiated polymerization. The PCL film with AAc solution was 
clipped between two quartzes, and then put into a Pyrex tube. The reaction set was 
exposed to UVA illumination for 30 min, in a Riko Rotory, Model RH 400-10W, 
photochemical reactor manufactured by Riko Denki Kogyo of Chiba, Japan.  
 
The reactor was equipped with a 1000W high-pressure Hg lamp and a constant 
temperature water bath at room temperature of 27±1 oC. After graft polymerization, 
the film was removed from the reaction set and washed with flowing doubly distilled 
water, until the residual homopolymer on the film surface had been removed 



























































Figure 3.1 Schematic representation of the process of UV introduced AAc 
grafting and collagen immobilization. 
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3.4 Immobilization of collagen on the PCL film 
PCL-AAc films were immersed in the phosphate-buffered saline (PBS) containing 5 
mg/ml of water-soluble carbodiimide (WSC) (Bae et al., 1999). 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride was used in this experiment. The 
film was doused in this solution for 1 h at 4 °C to preactivate carboxyls of AAc grafted 
on the PCL film surface. The films were then treated with Collagen calf skin-type I 
(Sigma) (Bornstein and traub, 1979) of PBS solution at a concentration of 0.5 mg/ml 
for 5 h at the same temperature. After immobilization, immersing and washing the 
films in PBS for 1 h at room temperature removed collagen, which was adsorbed 
physically on the surface. PCL collagen immobilized (PCL-Col) films were then dried 
under reduced pressure and stored in a refrigerator.  
 
3.5 Surface characterization 
3.5.1 FTIR measurements 
Infrared absorption spectra of the PCL, PCL-AAc and PCL-Col films were obtained 
from a Bio-Rad FTS 135 FT-IR spectrophotometer. For each spectrum obtained, a 
total of 16 scans were accumulated at a resolution of 8 wavenumbers.  
 
3.5.2 XPS measurements 
The collagen immobilized on the PCL film surface was analyzed by X-ray 
photoelectron spectroscopy (XPS). The XPS N 1s core-level signal was used as a 
marker for the analysis of the relative amount of collagen immobilized on the surface.  
XPS measurements were made on a VG ESCALAB MkII spectrometer with a Mg Kα 
X-ray source (1253.6 eV photons) at a constant retard ratio of 40. A survey scan 
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spectrum was taken and surface elemental stoichiometries were determined from peak-
area rations.  
 
3.5.3 Water contact angle measurements 
Water contact angles of the pristine and modified PCL films were measured at room 
temperature and 60% relative humidity, using sessile drop method on a telescopic 
goniometer (Rame-Hart model 100-00(230)) (Ying et al., 2001). Five measurements 
were carried out and the resulting values were averaged.   
 
3.5.4 AFM measurements 
The surface topography of unmodified PCL, PCL-AAc and PCL-Col films was 
examined in a Dimension 3100 Scanning Probe Microscope (SPM) (Digital 
Instruments, Veeco Metrology Group) in air. Atomic force microscopy (AFM) images 
were obtained by scanning surface in a contact mode (scan size 10×10µm2, scan rate 
0.95-1.00 Hz) using a silicon nitride probe (model DNP) (Ng et al., 2001). The spring 
constant was 0.06 N/m. An arithmetic mean of the surface average roughness (Ra) was 
evaluated directly from the AFM images.  
 
3.6 Cell culture 
3.6.1 Sterilization of PCL Films 
Collagen modified PCL films and unmodified films were soaked in 70% ethanol 
(Merck, Germany) for 1 hr, in 50ml tubes. They were then washed twice with sterile 
1×PBS with centrifugation at 1000rpm for 10 minutes to remove ethanol. The PCL 
films were subsequently dried for 3 hr in the biological safety cabinet till the liquid on 
films were completely removed. Then PCL films were transferred to sterile 6-well 
 53
Chapter 3 MATERIALS AND METHODS 
plates (NUNCLON, NUNC, Denmark), and immersed in the medium of cell culture 
in an incubator at 37 °C for 24 hr. After that, PCL films were taken out form medium 
and dried in air. The PCL films are then ready for cell seeding. 
 
3.6.2 Human dermal fibroblasts seeding and culture 
Human dermal fibroblasts were derived from explant cultures of human ear skin 
samples obtained with patient consent from a local hospital (National University 
Hospital). The 2nd passage was used in this experiment. 10% fetal bovine serum (FBS; 
Hyclone, Logan, UT) and 1% penicillin-streptomycin solution (Sigma, St. Louis, MO) 
were supplied into the Dulbecco’s Modified Eagle Medium (DMEM; Gibco, Grand 
Island, NY) for cell culture. Human dermal fibroblasts, shown as Figure 3.2, were 
seeded on PCL and PCL-Col films with 50,000 cells each sample (18mm×20mm), and 
placed in a self-sterilizable incubator (WTB Binder, Tuttlingen, Germany) at 37 °C in 










Figure 3.2  Human dermal fibroblast in the culture plate. 
Original magnification ×150.  
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3.6.3 Human myoblasts seeding and culture 
Human myoblasts were purified from rectus femoris biopsies taken from human 
donors after their consent. Super medium (Cell Transplant Singapore) was 
supplemented with 1% penicillin-streptomycin solution (Sigma, St. Louis, MO) in the 
experiment. The 2nd  passage of human myoblasts, shown as Figure 3.3, were seeded 
on PCL-Col and PCL films with density of 10,000 cells each sample (18mm×20mm). 
Samples seeded with cells were placed in a self sterilizable incubator (WTB Binder, 
Tuttlinger germany) at 37 °C in 5% CO2, 95% air, and 99% relative humidity, with 










 Figure 3.3  Human myoblast in the culture plate 
Original magnification ×100  
 
3.6.4 Phase contrast light microscopy (PCLM) 
PCLM of each group films was taken by an inverted modulation contrast light 
microcopy (Olympus IX70) using HMC×100 (Hoffmann Modulation Contrast). Films 
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seeded with human dermal fibroblasts were viewed on Day 1, Day 4 and Day 8. And 
films seeded with human myoblasts were viewed on Day 1, Day 3 and Day 6.  
 
3.6.5 Confocal laser scanning microcopy (CLSM)  
CLSM of each group was carried out. The samples seeded with cells were rinsed by 
PBS to remove nonattached cells. The viable cells were stained green with fluorescein 
diacetate (FDA; Molecular Probes, Inc., OR) at concentration of 2 µg/ml in PBS. 
Samples were incubated at 37 °C with FDA for 15 min. The samples were rinsed for 
twice in PBS. To stain dead cells red, each sample was then placed in 0.1 mg/ml 
propidium iodide (PI; Molecular Probes, Eugene, OR) for 2 min at room temperature. 
Residuary PI was removed by rinsing samples for twice in PBS before viewing the 
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4.1 Surface morphology of the biaxial stretching PCL film 
AFM was used to study surface morphology of the untretched and biaxially stretched 
PCL film (Figure 4.1). AFM results showed, before stretching, the polymer molecules 
appeared as aggregates of spherulites. Biaxial stretching subsequently produced dense 
fibrils in the PCL films. Fibrils oriented mostly in a uniaxial direction and were packed 
closely together. Theremaining undrawn material looked like elongated and thick rods. 

















Figure 4.1 Atomic force microscopy images of unstretched (A,B) and 
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Tensile stress of the PCL films increase from 21 to 55 MPa after biaxial stretching 
while the elongation-at-break decreased from 676% to 147%. The Young’s Modulus 
remained at about 275 MPa.   
 
4.2 FT-IR spectra 
Collagen immobilization onto the PCL film surface was achieved by four steps: First, 
the PCL film was pre-treated by argon plasma and exposed in air. This engendered 
peroxides on the surface. Second, graft polymerization of AAc was carried out under 
the effect of polymerization initiator (peroxides) and UV energy. Third, WSC 
reactivated the carboxyl by replacing the –H of carboxyl groups. Lastly, a chemical 
bond was produced between collagen and AAc because WSC was replaced by the 
collagen.   
 
The structure of the modified film surface was studied by FT-IR. Figure 4.2 shows the 
respective FT-IR spectra of the pristine PCL film (a), PCL-AAc (b) film and PCL-Col 
film (c). In the PCL spectrum, a major absorption peak appeared at 1730 cm-1 
according to the functional group, COO, in PCL (Gupta et al., 2002). The same peak 
was also found in the spectrum of PCL-AAc and PCL-Col film. For the PCL-Col 
spectrum, however, a new absorption peak is observed at 1566 cm-1.  
 
4.3 XPS spectra 
The XPS wide scan spectrum of the pristine PCL surface is showed in Figure 4.3a. It 
reveals that carbon and oxygen signals are present. The spectrum of PCL-AAc film 
surface (Figure 4.3b) also shows the same peaks as pristine PCL surface corresponding 
to C 1s and O 1s. However, the relative intensity of carbon and oxygen  
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Figure 4.2 FT-IR spectra of the (a) pristine PCL film, (b) PCL-AAc film and 
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Figure 4.3 XPS wide scan spectra of (a) pristine PCL film surface, (b) PCL-
AAc film surface and (c) PCL-Col film surface 
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peaks varied after grafting with acrylic acid. In contrast, a new peak corresponding N 
1s appeared on the spectrum of PCL-Col film surface (Figure 4.3c).  
 
Figure 4.4 shows the respective C 1s core-level spectra of the pristine PCL (a), PCL-
AAc (b) and PCL-Col (c) film surfaces. In the case of pristine PCL and PCL-AAc film 
surface, the C 1s core level spectrum contains three major peak components, with 
binding energy at 284.6 eV for the C-H species, at 286.2 eV for the C-O species and at 
288.6 eV for the O-C=O species. After collagen immobilization onto the film surface, 
the C 1s core level can be curve-fitted with five peak components, with binding energy 
at 284.6 eV for the C-H species, at 286.2 eV for the C-O species, at 288.6 eV for the 
O-C=O species, at 285.8 eV for the C-N species and at 287.4 eV for the O=C-N 
species.  
 
The graft concentration on the surface is expressed simply as the XPS-derived atomic 
percent ratio of nitrogen to carbon. The atomic percent of surfaces was calculated 
based on the XPS scan spectrum. Figure 4.5 shows the change of concentration of AAc 
grafted on PCL film surface, represented by the [O]/[C], as the change of 
concentration of AAc solution used in grafting process. The amount of AAc grafted on 
PCL film surface increases as the concentration of AAc solution increases at the range 
of 3% to 9%.  
 
 
Figure 4.6 shows the dependence of graft collagen concentration on the surface, 
expressed as the [N]/[C] ratio, on the concentration of AAc solution used for grafting  
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 Figure 4.4 XPS C 1s core-level spectra of (a) pristine PCL film surface, (b) 
PCL-AAc film surface and (c) PCL-Col film surface 












Figure 4.5 Effect of the concentration of AAc monomer solution to the graft
concentration on the PCL-AAc film surface 


































































Figure 4.6 Effect of the concentration of monomer AAc solution to the
immobilization concentration on PCL-Col film surface  
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acrylic acid onto the PCL film surface. The concentration of immobilized collagen on 
the surface increases as the concentration of AAc solution increases. 
 
4.4 Water contact angle of the modified surface 
To compare the hydrophilicity of the modified and unmodified film surfaces, water 
contact angles were measured. The water contact angle of pristine PCL film was 66°. 
With the introduction of AAc onto the film surface, the water contact angles dropped 
to 32 ° at 9% (Figure 4.7). The water contact angle decreased dramatically as the 
concentration of AAc solution increased. After collagen immobilization, the water 
contact angle of the film initially droped to 45 ° at 9% AAc. 
 
4.5 AFM images 
In order to further evaluate the effect of grafting AAc and collagen on the surface 
structure of PCL film, AFM was used to examine the surface structure of unmodified 
and modified PCL films. Figure 4.8 shows the AFM images of unmodified PCL film 
(a), PCL-AAc film (b) and PCL-Col film (c). Figure 4.8a shows dense fibrils on the 
surface of unmodified PCL film. Fibrils oriented mostly in a uniaxial direction. After 
grafting acrylic acid onto the surface, the PCL fibrils appeared different (Figure 4.8b). 
The surface of PCL-Col film (Figure 4.8c) showed a remarkable change in surface 
texture. The original PCL fibrils are now absent and covered with collagen. The Ra 
value was calculated from the roughness profile determined by AFM. The Ra of 
unmodified PCL film surface was 46 nm. After modification, the Ra increased to 50nm 
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Figure 4.7 Effect of the concentration of monomer AAc solution to water
contact angles on the PCL-AAc and PCL-Col film surfaces 
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Figure 4.8 Atomic force microscopy images of  (a) PCL, (b) PCL-AAc and (c) 
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4.6 Cell culture 
Films seeded with human dermal fibroblasts were observed under an inverted phase 
contrast light microscope (Figure 4.9). After seeding for 2 h, the cells began to attach 
onto the film surface as the cell spread and flattened. At day 1, most of cells attached 
onto the PCL-Col films were elongated, exhibiting the spindle morphology that is 
characteristic of dermal fibroblast cultures. On the PCL film, many cells still kept 
round shapes although the PCL film also showed good cell attachment. At day 4, 
round cells disappeared and there was an increase in cell densities across all samples. 
 
At day 8, large quantities of cells were observed in PCLM images of the PCL-Col film. 
The whole PCL-Col film surface was covered with cells. On the PCL film surface, the 
cell density was also increased. In comparison with PCL-Col film, however, much 
fewer cells were observed on the PCLM image.  
 
The viable and dead cells were observed under a confocal laser microscope. From 
Figure 4.10, the increase of cells with culture time was observed clearly on the PCL-
Col film surface. Viable cells attached uniformly on the whole PCL-Col surface. 
However, not only was there no increase of cell number on the unmodified PCL film 
surface, but also only a few cells were observed. 
 
Figure 4.11 shows the phase contrast light microscopies of PCL and PCL-Col film 
surfaces seeded with human myoblasts. Cells spread and flattened within 1 day on both 
the PCL-Col and PCL films. At day 3, there was an obvious increase in the cell density 
on the PCL-Col film surface. However, there is not much change in cell number on the 
PCL film surface compared to day 1. The PCL film surface was fully covered by cells 
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at day 6. The cells appeared to align in a certain direction. A monolayer of cells was 
formed on the PCL-Col film surface. On the PCL film surface, there was only a small 
increase in cell density. The CLSM images (Figure 4.12) showed similar results as 
PCLM images. More cells were observed on PCL-Col film surfaces than PCL film 
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Figure 4.9 Human dermal fibroblasts culture, phase contrast light microscopies
(PCLM) of PCL and PCL-Col surfaces, taken at Day1, Day4 and Day8.
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Figure 4.10 Human dermal fibroblasts culture, confocal laser scanning
microscopies (CLSM) of PCL and PCL-Col surfaces, taken at Day1, Day4 and 
Day8. Many cells on the PCL surface were removed during the staining
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Figure 4.11 Human myoblasts culture, phase contrast light microscopies
(PCLM) of PCL and PCL-Col surfaces, taken at Day1, Day3 and Day6.













Figure 4.12 Human myoblasts culture, confocal laser scanning microscopies
(CLSM) of PCL and PCL-Col surfaces, taken at Day1, Day3 and Day6. Many
cells on the PCL surface were removed during the staining process before 
CLSM analysis. (Original magnification, ×100) 
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5.1 Surface morphology and tensile strength 
It may seem that although biaxial deformation was occurring over the sample as a 
whole, the deformation at a nano level was still uniaxial in character. This could be 
due to inefficient transfer of the drawing forces caused by nonuniformities, such as 
thickness and crystallinity variationsin the samples. AFM served as an accurate means 
of assessing surface morphology and has also been silimlarly used by others. From 
knowledge of fiber alignment in composite materials, we know that when fibers are 
aligned at orthogonal directions tensile strength would be minimum at 45° to the 
aligned directions. Since biaxial deformation was occurring over the sample as a whole, 
this direction was thus chosen to determine the minimum tensile strength that the film 
can withstand.  
 
5.2 Surface modification 
Plasma treatment technique is a unique and useful method for the modification of 
polymeric materials without altering their bulk properties. Argon plasma produced 
peroxides on the surface. No undesired functional groups were induced because argon 
is an inert gas (Figure3.3). Under the effect of UV energy, these peroxides initiated 
AAc graft polymerization. The time of plasma treatment plays an important role in the 
quantity of peroxides. Since PCL is a biodegradable polymer, a relative short treatment 
time was chosen.  
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The concentration of AAc aqueous solution determined results of graft polymerization 
on the film surface as same argon plasma pre-treatment was carried out. Similarly, the 
concentration of carboxyl functional groups in the surface plays a critical role in 
collagen immobilization.  
 
5.2.1 FT-IR spectra 
The adsorption peak at 1730 cm-1 corresponds to the carboxyl functional group of side 
chain AAc. But the adsorption peak overlapped with that of PCL, which is the 
backbone chain. Thus, as shown in Figure 4.1, absorption peaks in the spectrum for 
PCL-AAc film appears separately at the same position as that of PCL film. It can be 
explained by the chemical structure of PCL and AAc. AAc has the same stretching 
bonds as PCL in chemical structure. This may explain why there is no new adsorption 
peak, which corresponds to the stretching bond at a certain position, appears on the 
spectrum of PCL-AAc film. However, after collagen immobilization, the amino group 
of collagen is introduced onto the surface. C-N-H stretching bond adsorption peak 
appeared at 1566 cm-1 in the FT-IR spectrum of PCL-Col film. The FT-IR spectrum 
suggested that collagen has been successfully immobilized onto the film.  
 
5.2.2 XPS spectra 
Similarly, no new peak appears in the XPS spectrum of PCL-AAc film surface  
(Figure 4.2b) compared with that of pristine PCL film surface (Figure 4.2a). However, 
the relative intensity of carbon and oxygen peak changed. AAc with higher oxygen 
content than PCL was introduced onto the surface. As a result, the oxygen content on 
the surface increased. This is also indicated by the ratio of atomic percent of oxygen to 
carbon. The more the amount of AAc is introduced onto the film surface, the higher 
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the ratio of atomic percent of oxygen to carbon is (Figure 4.4). On the other hand, N 1s 
peak was found in the spectrum of PCL-Col surface (Figure 4.2c). This is due to 
introduce of amino-group by collagen immobilization on the surface. 
 
The C 1s core-level spectrums of the pristine PCL and PCL-AAc film surface, (Figure 
4.3 (a) and (b)), show only a major neutral carbon (C-H) component at binding energy 
of 284.6 eV and two minor components at binding energy of 286.2 eV (C-O) and at 
binding energy 288.6 eV (O-C=O) respectively. For the spectrum of PCL-Col film 
surface (c), two new peaks associated with C-N and O=C-N appeared, at binding 
energy of 285.8 eV and at binding energy of 287.4 eV respectively. The XPS results 
show that collagen has been immobilized on the film surface with engender of 
covalent bonds. Covalent immobilization is the direct result of the reaction between 
the WSC-activated carboxyl groups of the grafted AAc polymer with the –NH2 groups 
of the protein. 
 
Figure 4.4 shows the relative concentration of AAc grafted on the film surface, 
represented by [O]/[C] ratio, increases with increasing AAc monomer concentration 
used for graft reaction. Large amount of AAc monomers in the environment accelerate 
grafting polymerization action. As a result, grafting concentration increases as the 
concentration of AAc solution raises. The highest grafting concentration was observed 
at 9% AAc solution. 
 
The relative amount of immobilized collagen on the surface, similarly, can be 
expressed by the [N]/[C] ratio. Figure 4.5 shows the amount of collagen immobilized 
on the surface as a function of the concentration of AAc monomer solution for grafting. 
 76
Chapter 5 DISCUSSION 
The [N]/[C] ratio increases rapidly with increasing the concentration of AAc monomer 
solution less than 9%. Since AAc owns the active COOH group, which acts as a spacer 
to bond with collagen, the quantity of collagen immobilized on the surface is affected 
by the amount of grafted AAc on the PCL film surface. In other words, the 
concentration of immobilized collagen is dependent on the concentration of carboxyl 
functional group, which is proportion with the graft concentration of AAc side chains, 
on the film surface. 
 
5.2.3 Water contact angle of the modified surface 
Hydrophilicity is evaluated by water contact angle measurement. The water contact 
angle of pristine PCL film surface decreases dramatically after grafting with AAc and 
immobilizing with collagen. Figure 4.6 shows that the trend of water contact angles of 
PCL-AAc film surfaces is the same as that of the relative concentrations of AAc 
grafted onto film surfaces. Carboxyl is a hydrophilic functional group. Increasing the 
concentration of AAc on the film surface results in increase of carboxyl functional 
groups. This leads to a decrease of the water contact angle. After collagen 
immobilization, a part of carboxyl functional groups were blocked with collagen. The 
film surface, as a result, becomes less hydrophilic. The water contact angle decreased 
with increasing concentration of AAc.  
 
5.2.4 AFM measurements 
Dense fibrils were produced in PCL film (Figure 4.7a) during biaxial stretching 
process. This is has been reported previous (Ng et al., 2000). The surface topography 
of films undergoes significant changes as a result of the plasma treatment and 
subsequent grafting process. This could be due to the mechanism of the grafting, 
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which is initiated by radicals generated at the film surface (Gupta et al., 2002). These 
radicals initiated the grafting of the acrylic acid. Polyacrylic acid grafted on the surface 
has a thickness in sub-micron range. Grafted polyacrylic acid chains formed their own 
domains and morphology on the film surface. As a result, the roughness of the PCL-
AAc film surface increased in comparison with the unmodified PCL film. Collagen 
was immobilized via the covalent bond with polyacrylic acid by losing a water 
molecule. Collagen immobilization broadened the polyacrylic acid domains on the 
film surface, which led to increase of the roughness of the surface. Those domains 
obscured fibrils on the surface of PCL film.  
 
5.2.5 Cell culture 
Hydrophilicity of the material surface plays a critical role in cell attachment and cell 
proliferation (Lin et al., 1994). Results showed that the modified film surfaces, PCL-
Col films, supported cell attachment and proliferation more than unmodified film 
surfaces. This could be due to the more hydrophilic surface of modified film and the 
preferred cell adhesion to collagen I. Figure 5.1 and Figure 5.2 show relative 
occupation percent of viable human dermal fibroblast and human myoblast cells, 
according to confocal images, on the substrate separately. Both human dermal 
fibroblast and human myoblast cells showed good cell proliferation on the collagen 
modified films. For unmodified PCL films, poor occupation was shown in most of the 
time points except for the human myoblasts at day 6 where the increase of cell density 
was observed in PCLM images. The most possible explanation was that many cells on 
the PCL film surface were removed during the staining process before CLSM analysis. 
Better occupation of human myoblasts on unmodified PCL film surface was found at 
day 6, but it was only amount to 18% of that on the PCL-Col film surface. This might 
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be implied that cell adhesion was improved remarkably after collagen modification of 
PCL films, especially for human dermal fibroblasts. Better cell attachment, in addition, 
could be suggested that N-containing groups play an important role for cell adhesion 
and proliferation. Another advantage of placing N-containing groups such as amine on 
the surface was that a fraction of them might be positively charged at physiological pH 
because of the protonation in the culture medium, which would enhance the interaction 
between the surface and the cells which carried negative charge.  The roughness of the 
film surface may also play an important role in cell attachment and cell proliferation. 
In this study, the higher roughness of the film surface showed the better cell 


















































 Figure 5.1 Occupation percent of viable human dermal fibroblast cells on








































Figure 5.2 Occupation percent of viable human myoblast cells on PCL-Col 
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Chapter 6   CONCLUSIONS AND RECOMENDATIONS 
 
6.1 Conclusions 
An ultra thin film, PCL film, was prepared by using solvent casting and biaxial 
stretching technique. Surface morphology of the PCL film and mechanical properties 
were studied. Furthermore, surface modification by plasma pretreatment, UV-induced 
graft polymerization with AA and collagen immobilization was carried out on PCL 
films. Human dermal fibroblast and myoblast cell were cultured on modified and 
unmodified PCL films to investigate biocompatibility of surface modified PCL films. 
From the results showed in this thesis, we can get the conclusions as follows: 
 
1. After biaxial stretching, the appearance of fibrils makes the surface 
morphology on the PCL film surface change a lot. These fibrils, Furthermore, 
improved the tensile strength of PCL films.   
 
2. The PCL film was successfully modified, and AAc and collagen were 
immobilized on the film surface.  The concentration of AAc grfted on the film 
surface is strongly dependent on the concentration of AAc monomer solution 
used for grafting. The amount of immobilized collagen increases as that of 
grafted AAc on the film surface increases. 
 
3. Water contact angles of films were reduced significantly with film surface 
modification. Surface hydrophilicity was increased as the grafted AAc amount 
increase. However, it decreased a little after collagen immobilization because 
of the hydrophobicity of collagen.  
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4. The roughness of the film surface increased after surface modification, and the 
morphology of the surface also changed after acrylic acid grafting and collagen 
immobilization. 
 
5. PCL-Col films showed excellent human dermal fibroblast and myoblast cell 
attachment and proliferation rate. The present technique has posed the way for 
future membrane tissue engineering layer by layer as first proposed by Teoh 
(2002) on PCL. 
 
6.2 Recommendations 
This is the first surface modification of biaxial stretching PCL films by collagen 
immobilization. As a continuation of this study, some recommendations are made for 
further research work. 
1. Other proteins, which contain amino groups in chemical structure, could be 
immobilized on surface of the PCL film by using similar methods discussed in 
this thesis.  
  
2. More quantitative characterization techniques, including MTT cell proliferation 
assay and flow cytometry, could be employed for cell proliferation study.  
 
3. Cell morphology on the PCL film could be investigated. Histological stainings, 
immunohistochemistry might be used for this purpose.  
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4. Biocompatibility of PCL films could by explored more. Possibility of PCL 
films utilized in more tissue engineering fields besides skin could be studied, 
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Abstract
Poly (e-caprolactone) (PCL) has been used as a bioresorbable polymer in numerous medical devices as well as for tissue
engineering applications. Its main advantage is its biocompatibility and slow degradation rate. PCL surface, however, is
hydrophobic and cell-biomaterial interaction is not the best. We attempt for the ﬁrst time to modify an ultra thin PCL surface with
collagen. The PCL ﬁlm was prepared using solvent casting and biaxial stretching technique developed in our laboratory. This biaxial
stretching produced an ultra thin PCL 3–7mm thick, ideal for membrane tissue engineering applications. The PCL ﬁlm was
pretreated using Argon plasma, and then UV polymerized with acrylic acid (AAc). Collagen immobilization was then carried out.
The modiﬁed ﬁlm surface was characterized by Fourier Transform Infrared (FT-IR) and X-ray Photoelectron Spectroscopy (XPS).
Water contact angles were also measured to evaluate the hydrophilicity of the modiﬁed surface. Results showed that the
hydrophilicity of the surface has improved signiﬁcantly after surface modiﬁcation. The water contact angle dropped from 66 to 32.
Atomic Force Microscopy (AFM) showed an increase in roughness of the ﬁlm. A change from 46 to 60 nm in the surface
morphology was also observed. The effect of cells attachment on the PCL ﬁlm was studied. Human dermal ﬁbroblasts and
myoblasts attachment and proliferation were improved remarkably on the modiﬁed surface. The ﬁlms showed excellent cellattachment and proliferation rate.r Ltd. All rights reserved.
l ﬁbroKeywords: Poly (e-caprolactone); Surface modiﬁcation; Human derma
1. Introduction
Development of biodegradable polymer has been
considered to be great interest in biomedical applica-
tions, especially tissue engineering and controlled drug
delivery [1,2]. It is known that the surface properties of a
biomaterial dominate the interactions between the
material and the biological environment. In the ﬁeld of
tissue engineering, polymeric materials provide surfaces
for the immobilization of biologically active moleculeslls [3,4]. Many natural materials, such as
minnin or collagen, are used as biomater-
replacement and wound healing [5]. These
w excellent biocompatibility, biodegrad-
g author. Laboratory for Biomedical Engineering
n Bioengineering, 9 Engineering Drive 1, Singapore
re.
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ability and cell adhesion [6]. In general, however, they
do not have good mechanical strength. Synthetic
polymers are commonly employed in tissue engineering
because of their remarkable mechanical ability to be
shaped easily [7,8]. But their surfaces are not favorable
to cells adhesion. Many researchers have focused on
understanding the relationship between polymer sur-
faces and cell afﬁnity. Hydrophilic and protein contain-
ing surfaces are known to be good for cell growth [9–11].
Synthetic polymers often require selective modiﬁcation
to promote hydrophilicity, cell adhesion and biocom-
patibility via introducing special functional groups onto
the polymer surface [12,13].
Surface modiﬁcation is a widely adopted method
because it can enhance the biocompatibility of a
material surface while keeping the bulk properties intact
[14,15]. A common approach to polymer surface
modiﬁcation is coating of materials having appropriate
biological properties via physical adsorption. However,
plasma power applied was kept at 37W at a radio
frequency of 40 kHz. The PCL ﬁlm was placed between
the two parallel plate electrodes and subjected to the
























matethe physical adsorped layer is easily removed,
especially by changes in pH of the solution and by
high shear forces. Although a variety of technologies
have been used for improving surface characteristics,
grafting is a widely applied technology in surface
modiﬁcation of polymers. Graft polymerization is an
attractive way in which a desired monomer can be
grafted onto the surface with covalent bond, which
renders good stability [16]. One of the simplest
approaches for grafting is to introduce functional
groups to the surface for chemical reaction between
the grafted layer and the substrate. The carboxyl
group is one of the best functional groups. Chemical
bonds are produced between amino-groups from
proteins and carboxyl functional groups. Acrylic acid
(AAc) is commonly used in such grafting process. AAc
acts as a spacer to bind proteins and the substrate. The
carbon–carbon double bond in the structure of AAc
binds easily with polymers. In addition, the base
material can retain their own chemical and physical
properties after graft polymerization. All of these
advantages make AAc a popular chemical in graft
polymerization [17–19].
Surface modiﬁcation of polymers is normally
achieved by plasma of gases such as oxygen, nitrogen,
inert gases and reactive gases. For example, the blood
compatibility of silk ﬁbroin ﬁlm was improved after
treatment with SO2 gas plasma [20]. Monomers with
desirable functional groups have also been polymerized
onto the polymer surface [21]. However, these polymers
have been merely deposited on the surface and could be
easily removed by physical extraction. Another common
approach for graft polymerization on the surface is via
free radicals peroxides generated by plasma or ozone
pretreatment [18,19,22]. Since plasma surface treatment
causes changes to a limited depth (several molecular
layers), bulk properties of even the most delicate
materials remain unchanged. Treated polymer can be
surface modiﬁed through graft polymerization under
relatively mild conditions.
Poly (e-caprolactone) (PCL), an aliphatic polyester
which is bioresorbable and biocompatible, is a ideal
material for pharmaceutical products and wound dres-
sings [29]. PCL is a semicrystalline polymer having a
melting temperature of 60C and a glass transition
temperature of 60C. However PCL has poor hydro-
philicity, which results in poor cell attachment and
proliferation rate. Modiﬁcations of PCL by crosslink-
ing, or by copolymerization with different monomers
and proteins have been reported [23,24].
In this study, we report the surface modiﬁcation of an
ultra-thin PCL ﬁlm produced by biaxially stretching
ARTICLE
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of collagen on the surface of the PCL ﬁlm, the response
of human dermal ﬁbroblasts and myoblasts to the
material surface was also studied.2. Materials and methods
2.1. Ultra-thin films preparation
PCL pellets (Mn=80 000, Sigma-Aldrich Company)
were dissolved in methylene chloride (6% w/w) and cast
over glass sheets. The solvent was removed by slow
evaporation. Films with initial thickness of 100–110 mm
were obtained and were further dried in vacuum at 51C
for 24 h. Dried PCL ﬁlms were pressed (Cavar Heat
Press) with a platen temperature of 55C to remove
surface defects. All pressed ﬁlms were cut to 6 6 cm2
for biaxial drawing. Films were preheated for 30min at
5371C before drawing. Heated PCL ﬁlms were
biaxially drawn 2.5 times its original size to a ﬁnal
dimension of 15 15 cm2. Ultra-thin PCL ﬁlms (3–7 mm)
were obtained. Details of the biaxial stretching have
been described previous [25]. The ﬁlms were then cut
into rectangles of 1.8mm 3.0mm and carefully washed
with ethanol, and dried, prior to surface modiﬁcation.
2.2. Argon plasma pretreatment of the PCL film surface
In order to produce the desired active radicals on the
material surface, plasma pretreatment was carried out.
In this study, argon was used in the plasma pretreat-
ment. This avoids the production of unwanted active
radicals. Argon plasma pretreatment was carried out in
a quartz cylindrical-type glow discharge cell (Model SP
100, manufactured by Anatech Ltd. of USA). The
PRESS
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Fig. 1. Schematic representation of the process of UV introduced AAc
grafting and collagen immobilization.
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mate0.5 Torr. The Argon plasma-pretreated PCL surfaces
were then exposed to the atmosphere for about
10min to effect the formation of surface peroxides
and hydroperoxides, which were used for the sub-
sequent UV-induced graft polymerization experiment
[26].
2.3. AAc graft polymerization of the PCL film surface
For the UV-induced graft polymerization with AAc,
the concentration of AAc aqueous solution was varied
from 0.03 to 0.11 g/ml. Vitamin B2 (0.0152mol/l) was
added into each solution, at ratio of 1:20, to reduce the
dissolved oxygen, which could inhibit the subsequent
radical-initiated polymerization. The PCL ﬁlm with
AAc solution was clipped between two quartzes, and
then put into a Pyrexs tube. The reaction set was
exposed to UV illumination for 30min, in a Riko
Rotory, Model RH 400–10W, photochemical reactor
manufactured by Riko Denki Kogyo of Chiba, Japan.
The reactor was equipped with a 1000W high-pressure
Hg lamp and a constant temperature water bath at room
temperature of 2771C. After graft polymerization, the
ﬁlm was removed from the reaction set and washed with
ﬂowing doubly distilled water, until the residual homo-
polymer on the ﬁlm surface had been removed
absolutely. The ﬁlm grafted AAc (PCL–AAc) was dried
in a vacuum desiccator.
2.4. Immobilization of collagen on the PCL film
PCL–AAc ﬁlms were immersed in the phosphate-
buffered saline (PBS) containing 5mg/ml of water-
soluble carbodiimide (WSC) [27]. 1-Ethyl-3-(3-dimethy-
laminopropyl) carbodiimide hydrochloride was used in
this experiment. The ﬁlm was doused in this solution for
1 h at 4C to preactivate carboxyls of AAc grafted on
the PCL ﬁlm surface. Then ﬁlms were then treated with
Collagen I (calf skin, Sigma)-PBS solution at a
concentration of 0.5mg/ml for 5 h at the same tempera-
ture. After immobilization, immersing and washing
the ﬁlms in PBS for 1 h at room temperature removed
collagen, which was adsorbed physically on the surface.
PCL collagen immobilized (PCL–Col) ﬁlms were




Infrared absorption spectra of the PCL, PCL–AAc
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135 FT-IR spectrophotometer. For each spectrum
obtained, a total of 16 scans were accumulated at a
resolution of 8 wavenumbers.2.5.2. XPS measurements
The collagen immobilized on the PCL ﬁlm surface
was analyzed by X-ray photoelectron spectroscopy
(XPS). The XPS N 1 s core-level signal was used as a
marker for the analysis of the relative amount of
collagen immobilized on the surface.
XPS measurements were made on a VG ESCALAB
MkII spectrometer with a Mg Ka X-ray source
(1253.6 eV photons) at a constant retard ratio of 40. A
survey scan spectrum was taken and surface elemental
stoichiometries were determined from peak-area rations.
2.5.3. Water contact angle measurements
Water contact angles of the pristine and modiﬁed
PCL ﬁlms were measured at room temperature and 60%
relative humidity, using sessile drop method on a
telescopic goniometer (Rame-Hart model 100-00(230))
[28]. More than ﬁve measurements were carried out and
the resulting values were averaged.
2.5.4. AFM measurements
The surface topography of unmodiﬁed PCL, PCL–
AAc and PCL–Col ﬁlms was examined in a Dimension
3100 Scanning Probe Microscope (SPM) (Digital Instru-
ments, Veeco Metrology Group) in air. Atomic force
microscopy (AFM) images were obtained by scanning
surface in a contact mode (scan size 10 10mm2, scan
rate 0.95–1.00Hz) using a silicon nitride probe (model
DNP) [29]. The spring constant was 0.06N/m. An
arithmetic mean of the surface average roughness (Ra)
was evaluated directly from the AFM images.
2.6. Cell culture
2.6.1. Human dermal fibroblasts seeding and culture
Human dermal ﬁbroblasts were derived from explant
cultures of human ear skin samples obtained with
patient consent from a local hospital (National Uni-
versity Hospital). The second passage was used in this
experiment. 10% fetal bovine serum (FBS; Hyclone,
Logan, UT) and 1% penicillin–streptomycin solution
(Sigma, St. Louis, MO) were supplied into the Dulbec-
co’s Modiﬁed Eagle Medium (DMEM; Gibco, Grand
Island, NY) for cell culture. Human dermal ﬁbroblasts
were seeded on PCL and PCL–Col ﬁlms with 50,000
cells each sample (18mm 20mm), and placed in a self-
sterilizable incubator (WTB Binder, Tuttlingen, Ger-
many) at 37C in 5% CO2, 95% air, and 99% relative
humidity, with medium change every 2 days.
2.6.2. Human myoblasts seeding and culture
Human myoblasts were puriﬁed from rectus femoris
PRESS
rials 25 (2004) 1991–2001 1993biopsies taken from human donors after their consent.
Super medium (Cell Transplant Singapore) was
supplemented with 1% penicillin-streptomycin solution
(Sigma, St. Louis, MO) in the experiment. The second
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materials 25 (2004) 1991–2001passage of human myoblasts were seeded on PCL–Col
and PCL ﬁlms with density of 10,000 cells each sample
(18mm 20mm). Samples seeded with cells were placed
in a self-sterilizable incubator (WTB Binder, Tuttlinger
germany) at 37C in 5% CO2, 95% air, and 99%
relative humidity, with medium change every 2 days.
2.6.3. Phase contrast light microscopy (PCLM)
PCLM of each group ﬁlms was taken by an inverted
modulation contrast light microcopy (Olympus IX70)
using original magniﬁcation 100 (Human Modulation
Contrast). Films seeded with human dermal ﬁbroblasts
were viewed on day 1, day 4 and day 8. And ﬁlms seeded
with human myoblasts were viewed on day 1, day 3 and
day 6.
2.6.4. Confocal laser scanning microcopy (CLSM)
CLSM of each group was carried out. The samples
seeded with cells were rinsed by PBS to remove
nonattached cells. The viable cells were stained green
with ﬂuorescein diacetate (FDA; Molecular Probes,
Inc., OR) at concentration of 2 mg/ml in PBS. Samples
were incubated at 37C with FDA for 15min. The
samples were washed for twice in PBS. To stain dead
cells red, each sample was then placed in 0.1mg/ml
propidium iodide (PI; Molecular Probes, Eugene, OR)
ARTICLE
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removed by rinsing samples for twice in PBS before
viewing the sample under confocal laser microscope
(Olympus IX70-HLSH100 Fluoview) [29].
3. Results
Collagen immobilization onto the PCL ﬁlm surface
was achieved by four steps (Fig. 1): First, the PCL ﬁlm
was pretreated by argon plasma and exposed in air. This
engendered peroxides on the surface. Second, graft
polymerization of AAc was carried out under the effect
of polymerization initiator (peroxides) and UV energy.
Third, WSC reactivated the carboxyl by replacing the
–H of carboxyl groups. Lastly, a chemical bond was
produced between collagen and AAc because WSC was
replaced by the collagen.
3.1. FT-IR spectra
The structure of the modiﬁed ﬁlm surface was studied
by FT-IR. Fig. 2 shows the respective FT-IR spectra of
the pristine PCL ﬁlm (a), PCL–AAc (b) ﬁlm and PCL–
Col ﬁlm (c). In the PCL spectrum, a major absorption
peak appeared at 1730 cm1 according to the functional
group, COO, in PCL [15]. The same peak was also
found in the spectrum of PCL–AAc and PCL–Col ﬁlm.
For the PCL–Col spectrum, however, a new absorption
peak is observed at 1566 cm1.3.2. XPS spectra
The XPS wide scan spectrum of the pristine PCL
surface is showed in Fig. 3a. It reveals that carbon and
oxygen signals are present. The spectrum of PCL–AAc
ﬁlm surface (Fig. 3b) also shows the same peaks as
pristine PCL surface corresponding to C 1 s and O 1 s.
However, the relative intensity of carbon and oxygen
peaks varied after grafting with acrylic acid. In contrast,
a new peak corresponding N 1 s appeared on the
spectrum of PCL–Col ﬁlm surface (Fig. 3c).
Fig. 4 shows the respective C 1 s core-level spectra of
the pristine PCL (a), PCL–AAc (b) and PCL–Col (c)
ﬁlm surfaces. In the case of pristine PCL and PCL–AAc
ﬁlm surface, the C 1 s core level spectrum contains three
major peak components, with binding energy at
284.6 eV for the
%
C2H species, at 286.2 eV for the
%
C2O species and at 288.6 eV for the O2
%
C ¼ O species.
After collagen immobilization onto the ﬁlm surface, the
C 1 s core level can be curve-ﬁtted with ﬁve peak
components, with binding energy at 284.6 eV for the
%
C2H species, at 286.2 eV for the C2O species, at
288.6 eV for the O2
%
C ¼ O species, at 285.8 eV for the
%
C2N species and at 287.4 eV for the O2
%
C2N species.
Fig. 2. FT-IR spectra of the (a) pristine PCL ﬁlm, (b) PCL–AAc ﬁlm
and (c) PCL–Col ﬁlm.The graft concentration on the surface is expressed
simply as the XPS-derived atomic percent ratio of
nitrogen to carbon. The atomic percent of surfaces was
calculated based on the XPS scan spectrum. Fig. 5
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Fig. 4. XPS C 1 s core-level spectra of (a) pristine PCL ﬁlm surface,
(b) PCL–AAc ﬁlm surface and (c) PCL–Col ﬁlm surface.

















Z. Cheng, S.-H. Teoh / Biomaterials 25 (2004) 1991–2001 1995shows the change of concentration of AAc grafted on
PCL ﬁlm surface, represented by the [O]/[C], as the
change of concentration of AAc solution used in
grafting process. The amount of AAc grafted on PCL
ﬁlm surface increases as the concentration of AAc
solution increases at the range of 3–9%.
Fig. 6 shows the dependence of graft collagen
concentration on the surface, expressed as the [N]/[C]
ratio, on the concentration of AAc solution used for
grafting acrylic acid onto the PCL ﬁlm surface. The
concentration of immobilized collagen on the surface
increases as the concentration of AAc solution increases.
3.3. Water contact angle of the modified surface
To compare the hydrophilicity of the modiﬁed and
unmodiﬁed ﬁlm surfaces, water contact angles were
measured. The water contact angle of pristine PCL ﬁlm
was 66. With the introduction of AAc onto the ﬁlm
surface, the water contact angles dropped to 32 at 9%
(b) PCL–AAc ﬁlm surface and (c) PCL–Col ﬁlm surface.(Fig. 7). The water contact angle decreased dramatically
as the concentration of AAc solution increased. After
collagen immobilization, the water contact angle of the
ﬁlm initially dropped to 45 at 9% AAc.3.4. AFM images
Concentration of AAc Solution (%)
Fig. 5. Effect of the concentration of AAc monomer solution to the
graft concentration on the PCL–AAc ﬁlm surface.In order to further evaluate the effect of grafting AAc
and collagen on the surface structure of PCL ﬁlm, AFM
was used to examine the surface structure of unmodiﬁed
and modiﬁed PCL ﬁlms. Fig. 8 shows the AFM images
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Fig. 6. Effect of the concentration of monomer AAc solution to the
immobilization concentration on PCL–Col ﬁlm surface.
Z. Cheng, S.-H. Teoh / Biomaterials 25 (2004) 1991–20011996of unmodiﬁed PCL ﬁlm (a), PCL–AAc ﬁlm (b) and
PCL–Col ﬁlm (c). Fig. 8a shows dense ﬁbrils on the
surface of unmodiﬁed PCL ﬁlm. Fibrils oriented mostly
in a uniaxial direction. After grafting acrylic acid onto
the surface, the PCL ﬁbrils appeared different (Fig. 8b).
The surface of PCL–Col ﬁlm (Fig. 8c) showed a
remarkable change in surface texture. The original
PCL ﬁbrils are now absent and covered with collagen.
The Ra value was calculated from the roughness
proﬁle determined by AFM. The Ra of unmodiﬁed
PCL ﬁlm surface was 46 nm. After modiﬁcation, the Ra
increased to 50 and 60 nm for PCL–AAc and PCL–Col,
respectively.
Fig. 7. Effect of the concentration of monomer AAc solution to water
contact angles on the PCL–AAc and PCL–Col ﬁlm surfaces.3.5. Cell culture
Films seeded with human dermal ﬁbroblasts were
observed under an inverted phase contrast light micro-scope. After seeding for 2 h, the cells began to attach
Fig. 8. Atomic force microscopy images of (a) PCL, (b) PCL–AAc and
(c) PCL–Col ﬁlms (contact mode).onto the ﬁlm surface as the cell spread and ﬂattened. At
day 1, most of cells attached onto the PCL–Col ﬁlms
were elongated, exhibiting the spindle morphology that
is characteristic of dermal ﬁbroblast cultures. On the




Z. Cheng, S.-H. Teoh / Biomaterials 25 (2004) 1991–2001 1997PCL ﬁlm, many cells still kept round shapes although
the PCL ﬁlm also showed good cell attachment. At day
4, round cells disappeared and there was an increase in
cell densities across all samples.
At day 8, large quantities of cells were observed in
PCLM images of the PCL–Col ﬁlm (Fig. 9). The whole
PCL–Col ﬁlm surface was covered with cells. On the
PCL ﬁlm surface, the cell density was also increased. In
comparison with PCL–Col ﬁlm, however, much fewer
cells were observed on the PCLM image.
The viable and dead cells were observed under a
confocal laser microscope. From Fig. 9, the increase of
cells with culture time was observed clearly on the PCL–
Col ﬁlm surface. Viable cells attached uniformly on the
whole PCL–Col surface. However, not only was there
no increase of cell number on the unmodiﬁed PCL ﬁlm
Fig. 9. Human dermal ﬁbroblasts culture, phase contrast light microsco
PCL–Col surfaces, taken at day 1, day 4 and day 8 (original magniﬁcasurface, but also only a few cells were observed.
Fig. 10 shows the phase contrast light microscopies,
confocal laser microscopies and confocal laser scanning
microscopies of PCL and PCL–Col ﬁlm surfaces seededwith human myoblasts. Cells spread and ﬂattened within
1 day on both the PCL–Col and PCL ﬁlms. At day 3,
there was an obvious increase in the cell density on the
PCL–Col ﬁlm surface. However, there is not much
change in cell number on the PCL ﬁlm surface compared
to day 1. The PCL ﬁlm surface was fully covered by cells
at day 6. The cells appeared to align in a certain
direction. A monolayer of cells was formed on the
PCL–Col ﬁlm surface. On the PCL ﬁlm surface, there
PCLM) and confocal laser scanning microscopies (CLSM) of PCL and
 100).images showed similar results as PCLM images. More
cells were observed on PCL–Col ﬁlm surfaces than PCL
ﬁlm surfaces.
4. DiscussionPlasma treatment technique is a unique and useful
method for the modiﬁcation of polymeric materials




Z. Cheng, S.-H. Teoh / Biomaterials 25 (2004) 1991–20011998produced peroxides on the surface. No undesired
functional groups were induced because argon is an
inert gas (Fig. 1). Under the effect of UV energy, these
peroxides initiated AAc graft polymerization. The time
of plasma treatment plays an important role in the
quantity of peroxides. Since PCL is a biodegradable
polymer, a relative short treatment time was chosen.
The concentration of AAc aqueous solution deter-
mined results of graft polymerization on the ﬁlm surface
as same argon plasma pretreatment was carried out.
Similarly, the concentration of carboxyl functional
groups in the surface plays a critical role in collagen
immobilization.
4.1. FT-IR spectra
Fig. 10. Human myoblasts culture, phase contrast light microscopies (P
Col surfaces, taken at day 1, day 3 and day 6 (original magniﬁcation,The adsorption peak at 1730 cm1 corresponds to the
carboxyl functional group of side chain AAc. But the
adsorption peak overlapped with that of PCL, which is
the backbone chain. Thus, as shown in Fig. 2,absorption peaks in the spectrum for PCL–AAc ﬁlm
appears separately at the same position as that of PCL
ﬁlm. It can be explained by the chemical structure of
PCL and AAc. AAc has the same stretching bonds as
PCL in chemical structure. This may explain why there
is no new adsorption peak, which corresponds to the
stretching bond at a certain position, appears on the
spectrum of PCL–AAc ﬁlm. However, after collagen
immobilization, the amino group of collagen is intro-
duced onto the surface. C–N–H stretching bond
adsorption peak appeared at 1566 cm1 in the FT-IR
spectrum of PCL–Col ﬁlm. The FT-IR spectrum
suggested that collagen has been successfully immobi-
lized onto the ﬁlm.
4.2. XPS spectra
) and confocal laser scanning microscopies (CLSM) of PCL and PCL–
).Similarly, no new peak appears in the XPS spectrum
of PCL–AAc ﬁlm surface (Fig. 3b) compared with that
of pristine PCL ﬁlm surface (Fig. 3a). However, the
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materelative intensity of carbon and oxygen peak changed.
AAc with higher oxygen content than PCL was
introduced onto the surface. As a result, the oxygen
content on the surface increased. This is also indicated
by the ratio of atomic percent of oxygen to carbon. The
more the amount of AAc is introduced onto the ﬁlm
surface, the higher the ratio of atomic percent of oxygen
to carbon is (Fig. 5). On the other hand, N 1 s peak was
found in the spectrum of PCL–Col surface (Fig. 3c).
This is due to the amino-group of collagen, which has
been immobilized on the surface.
The C 1 s core-level spectrums of the pristine PCL and
PCL–AAc ﬁlm surface (Figs. 4a and b), show only a
major neutral carbon (C2H) component at binding
energy of 284.6 eV and two minor components at
binding energy of 286.2 eV (
%
C2O) and at binding
energy 288.6 eV (O2
%
C ¼ O), respectively. For the
spectrum of PCL–Col ﬁlm surface (c), two new peaks
associated with
%
C2N and O ¼
%
C2N appeared, at
binding energy of 285.8 and 287.4 eV, respectively [25].
The XPS results show that collagen has been immobi-
lized on the ﬁlm surface with engender of covalent
bonds. Covalent immobilization is the direct result of
the reaction between the WSC-activated carboxyl
groups of the grafted AAc polymer with the –NH2
groups of the protein.
Fig. 5 shows the relative concentration of AAc grafted
on the ﬁlm surface, represented by [O]/[C] ratio,
increases with increasing AAc monomer concentration
used for graft reaction. Large amount of AAc mono-
mers in the environment accelerate grafting polymeriza-
tion action. As a result, grafting concentration increases
as the concentration of AAc solution raises. The highest
grafting concentration was observed at 9% AAc
solution.
The relative amount of immobilized collagen on the
surface, similarly, can be expressed by the [N]/[C] ratio.
Fig. 6 shows the amount of collagen immobilized on the
surface as a function of the concentration of AAc
monomer solution for grafting. The [N]/[C] ratio
increases rapidly with increasing the concentration of
AAc monomer solution less than 9%. Since AAc owns
the active COOH group, which acts as a spacer to bond
with collagen, the quantity of collagen immobilized on
the surface is affected by the amount of grafted AAc on
the PCL ﬁlm surface. In other words, the concentration
of immobilized collagen is dependent on the concentra-
tion of carboxyl functional group, which is proportion
with the graft concentration of AAc side chains, on the
ﬁlm surface.
4.3. Water contact angle of the modified surface
ARTICLE
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measurement. The water contact angle of pristine PCL
ﬁlm surface decreases dramatically after grafting withAAc and immobilizing with collagen. Fig. 7 shows that
the trend of water contact angles of PCL–AAc ﬁlm
surfaces is the same as that of the relative concentrations
of AAc grafted onto ﬁlm surfaces. Carboxyl is a
hydrophilic functional group. Increasing the concentra-
tion of AAc on the ﬁlm surface results in increase of
carboxyl functional groups. This leads to a decrease of
the water contact angle. After collagen immobilization,
a part of carboxyl functional groups were blocked with
collagen. The ﬁlm surface, as a result, becomes less
hydrophilic. The water contact angle decreased with
increasing concentration of AAc.
4.4. AFM measurements
Dense ﬁbrils were produced in PCL ﬁlm (Fig. 8a)
during biaxial stretching process. This is has been
reported previous [25]. The surface topography of ﬁlms
undergoes signiﬁcant changes as a result of the plasma
treatment and subsequent grafting process. This could
be due to the mechanism of the grafting, which is
initiated by radicals generated at the ﬁlm surface [15].
These radicals initiated the grafting of the acrylic acid.
Polyacrylic acid grafted on the surface has a thickness in
sub-micron range. Grafted polyacrylic acid chains
formed their own domains and morphology on the ﬁlm
surface. As a result, the roughness of the PCL–AAc ﬁlm
surface increased in comparison with the unmodiﬁed
PCL ﬁlm. Collagen was immobilized via the covalent
bond with polyacrylic acid by losing a water molecule.
Collagen immobilization broadened the polyacrylic acid
domains on the ﬁlm surface, which led to increase of the
roughness of the surface. Those domains obscured ﬁbrils
on the surface of unmodiﬁed PCL ﬁlm.
4.5. Cell culture
Hydrophilicity of the material surface plays a critical
role in cell attachment and cell proliferation [30]. Results
showed that the modiﬁed ﬁlm surfaces, PCL–Col ﬁlms,
supported cell attachment and proliferation more than
unmodiﬁed ﬁlm surfaces. This could be due to the more
hydrophilic surface of modiﬁed ﬁlm and the preferred
cell adhesion to collagen I. Figs. 11 and 12 show relative
occupation percent of viable human dermal ﬁbroblast
and human myoblast cells, according to confocal
images, on the substrate separately. Both human dermal
ﬁbroblast and human myoblast cells showed good cell
proliferation on the collagen modiﬁed ﬁlms. For
unmodiﬁed PCL ﬁlms, poor occupation was shown in
most of the time points except for the human myoblasts
at day 6 while the increase of cell density was observed
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rials 25 (2004) 1991–2001 1999in PCLM images. The most possible explanation was
that many cells on the PCL ﬁlm surface were removed
during the staining process before CLSM analysis.
Better occupation of human myoblasts on unmodiﬁed
attachment and proliferation rate. The present techni-
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Fig. 11. Occupation percent of viable human dermal ﬁbroblast cells on
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Z. Cheng, S.-H. Teoh / Biomate2000PCL ﬁlm surface was found at day 6, but it was only
amount to 18% of that on the PCL–Col ﬁlm surface.
This might be implied that cell adhesion was improved
remarkably after collagen modiﬁcation of PCL ﬁlms,
especially for human dermal ﬁbroblasts. Better cell
attachment, in addition, could be suggested that
N-containing groups play an important role for cell
adhesion and proliferation. Another advantage of
placing N-containing groups such as amine on the
surface was that a fraction of them might be positively
charged at physiological pH because of the protonation
in the culture medium, which would enhance the
interaction between the surface and the cells which
carried negative charge. The roughness of the ﬁlm
Fig. 12. Occupation percent of viable human myoblast cells on PCL–
Col and PCL ﬁlm surfaces at day 1, day 3 and day 6.surface may also play an important role in cell
attachment and cell proliferation. In this study, the
higher roughness of the ﬁlm surface showed the better
cell attachment and proliferation.5. Conclusion
PCL ﬁlms, prepared by using solvent casting and
biaxial stretching technique, were successfully modiﬁed
by plasma pretreatment, UV-induced graft polymeriza-
tion with AAc and collagen immobilization. AAc graft
polymerization and collagen immobilization onto the
surface were conﬁrmed using FT-IR and XPS. The
concentration of AAc grafted on the ﬁlm surface is
strongly dependent on the concentration of AAc
monomer solution used for grafting. The amount of
immobilized collagen increases as that of grafted AAc
on the ﬁlm surface increases. Water contact angles of
ﬁlms were reduced signiﬁcantly with ﬁlm surface
modiﬁcation. The roughness of the ﬁlm surface in-
creased after surface modiﬁcation, and the morphology
of the surface also changed after acrylic acid grafting
and collagen immobilization. PCL–Col ﬁlms showed
excellent human dermal ﬁbroblast and myoblast cell
PRESS
rials 25 (2004) 1991–2001que has posed the way for future membrane tissue
engineering layer by layer as ﬁrst proposed by Teoh [31]
on PCL.
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